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ABSTRACT 
Six years following the Deepwater Horizon oil spill, buried MC252 oil persists on a beach segment 
in Fourchon, LA due to the natural anaerobic conditions of tidal groundwater. A field trial of in 
situ aerobic bioremediation of buried oil began on July 2015. Oxygen was added to the subsurface 
using Waterloo emitters which deliver O2 through diffusion via pressurized tubing in fixed 
groundwater wells. The multi-well injection system provided sufficient oxygen concentration in 
the groundwater in the immediate area of the emitters, resulting in a shift in the composition of the 
diverse, halophilic, hydrocarbon-degrading microbial population. Stable isotopic and radiocarbon 
data from dissolved inorganic carbon provided evidence of crude oil mineralization post-aeration, 
even in areas that had the highest level of contamination. Weathering ratios for 3-ring PAHs were 
reduced post-aeration, indicating increased rates of degradation of phenanthrenes and 
dibenzothiophenes.  Serum bottle studies were conducted to analyze biodegradation of PAHs and 
alkanes as a response to adding varying levels of O2 over time. Oxygen amendments were found 
to stimulate biodegradation of recalcitrant PAHs more effectively in less oily sediments than in 
sediments with higher oil concentrations. The minimum oxygen amendments in this study were 
sufficient in shifting the microbial population to a more effectual hydrocarbon degrading 
community structure
1 
1.0 INTRODUCTION 
1.1 Purpose 
In May 2010, MC252 oil from the Deepwater Horizon oil spill reached the shoreline of 
Port Fourchon, Louisiana. The oil was first observed in the form of water-in-oil emulsion. Over 
time, the oil mixed with sand and shell, creating various oil forms, such as surface residue balls 
(SRBs) and submerged oil mats (SOMs) while some oil remained as free-phase oil (Urbano, 
Elango, & Pardue, 2013). Although response activities commenced immediately, Hurricane Alex 
in June 2010 and Tropical Storm Bonnie in July 2010, moved oil inland toward the supratidal zone 
and subsequently into the marsh (Lemelle, Elango, & Pardue, 2014)). Prior to these storms, hard 
structures including rock dams and bulkheads were constructed at five locations to close breaches 
that will minimize oil transport across the beach. At the largest breach, termed Breach 1, a rock 
dam was used to mitigate oil transport to adjacent Bayou Moreau. While Incident Command, the 
joint agency response organization responsible for spill cleanup, attempted to actively remove the 
oil that had accumulated in front of the dam, methods were insufficient to completely remove the 
oil, leaving a buried oil deposit running the length of the former rock dam. This location provides 
a unique opportunity to study remedial option for buried oil in a field setting. 
The beach profile at Breach 1 consists of a 6-8 feet layer of sand overlying a clay platform 
which previously was a marsh habitat. The groundwater at this location is hypersaline and depleted 
of oxygen. Detectable oil continues to exist across the beach profile at Breach 1 and free oil is 
observed in one location approximately 100’ in diameter. Sheen is routinely observed in pumped 
groundwater across the deposition zone. The surface of Breach 1 is consistently wet, likely due to 
the removal of sediment during response operations (Pardue & Williams, 2014).  Previous research 
using oiled sands from Fourchon Beach has indicated that aerobic bioremediation may be a useful 
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technique for accelerating oil degradation over a time frame consistent with desirable clean-up 
time frames (Westrick, 2014). However, a sustainable, cost-effective aeration scheme is needed to 
accomplish the use of aerobic bioremediation in a clean-up scenario. 
Oxygen biostimulation in the subsurface would improve the biogeochemical conditions 
allowing oil degraders to colonize. Biogeochemical parameters affecting the rate and extent of 
microbial degradation of crude oil components include temperature (Haritash & Kaushik, 2009), 
salinity (Kastner, Breuer-Jammali, & Mahro, 1998), nutrient content (Dibble & Bartha, 1979) and 
the availability of electron acceptors such as oxygen (Haritash & Kaushik, 2009). Crude oil 
components such as PAHs and alkanes generally degrade at a faster rate and extent in the presence 
of oxygen when compared with other electron acceptors. The major advantages of aerobic 
bioremediation are the high potential for in situ treatment of crude oil, the absence of persistent 
intermediate compounds, and  the formation of innocuous endproducts such as carbon dioxide, 
water and biomass (Gana, Lau, & Ng, 2009). 
To determine the potential of aerobic bioremediation, a variety of tools are useful to assess 
the fate of a complex mixture such as crude oil. Stable carbon isotope ratios and 14C activity of 
dissolved CO2 in the groundwater are two methods with promise to assess crude oil mineralization.  
Carbon dioxide has varying ratios of 13C to 12C, expressed as δ13C value, in accordance with the 
source of the gas (Jackson, Pardue, & Araujo, 1996).  C4 plants, common to coastal environments 
in Louisiana, such as Spartina alterniflora utilize a pathway known as the Hatch-Slack pathway. 
These plants have δ13C signatures ranging from -6 to -19‰ (Chmura, Aharon, Socki, & 
Abernethy, 1987) (Natter, et al., 2012). Evolved CO2 from hydrocarbons are more depleted in 13C, 
yielding a more negative δ13C value.  Comparison of δ13C signatures between C4 plants and 
hydrocarbons allows for the analysis of hydrocarbon mineralization (Jackson, Pardue, & Araujo, 
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1996). Similarly, crude oils are very depleted in 14C and sensitive measurements of the presence 
or absence of 14C in CO2 can also indicate the presence of CO2 evolved from crude oil 
mineralization (White, Reddy, & Eglinton, 2008) (White, Reddy, & Eglinton, 2005). 
In addition, tools to assess the microbial community structure and how that structure 
changes after oxygen addition are critical.  Few studies have observed the response of microbial 
communities in situ to oil contamination and changes in biogeochemical conditions (Dubinsky, et 
al., 2013) (Kostka, et al., 2011) (Mahmoudi, et al., 2014). A study conducted by Urbano et al. 
characterized the microbial populations within SRB aggregates at Breach 1 to further investigate 
whether or not conditions were favorable for biodegradation. The results of this study concluded 
that multiple Breach 1 samples had similar banding patterns, which identified known PAH 
degrading species including Mycobacterium. Sulfate reducing bacteria were present, however, not 
as dominant as the eubacteria. The analysis of the SRBs throughout this study proved that the 
Breach 1 conditions could easily be managed in the direction of successful biodegradation (Leys, 
Bastiaens, Verstraete, & Springael, 2005) (Urbano, Elango, & Pardue, 2013). Next generation 
sequencing such as Illumina’s Mi-Seq platform may be a vital tool in identifying key microbial 
populations responsible for enhanced biodegradation. (Gomez-Smith, LaPara, & Hozalski, 2015). 
1.2 Research Objectives 
The objective of the in situ remedial plan was to create aerobic conditions for PAH degraders to 
emerge which may lead to bioremediation of buried MC252 oil remaining in the subsurface of 
Breach 1. Laboratory studies were designed to determine the optimum oxygen concentration for 
biodegradation to occur. Knowing the threshold concentration of oxygen to expect changes is 
necessary in understanding the remedial efforts in the field. Genomic DNA was extracted from in 
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situ samples of oily subsurface and reference material as well as laboratory microcosm samples to 
observe changes in microbial populations in response to aeration schemes over time. 
1.3 Environmental Relevance of the Study 
Investigating the advancement of biodegradation of buried MC252 oil at Fourchon Beach is 
environmentally relevant for several distinct reasons.  
(I) The Shoreline Clean-up Completion Plan (SCCP) remedial guidelines have not been 
met for this segment of beach with no technical reason. 
(II) The area exists at a breach that has the potential to reopen during storm seasons resulting 
in re-oiling of the adjacent marsh and Bayou Fer Blanc.  
(III) The area is at the eastern property line of Fourchon Beach and trespassers are common 
from the Elmer’s Island side. Surface and subsurface oil creates liability to the Wisner’s 
Donation. 
(IV) The current conditions at Breach 1 of Fourchon Beach demonstrate that natural recovery 
would be extremely slow and ineffective. 
(V) The Caminada Headlands Project (CHP) will begin construction at Breach 1 site. 
(VI) Recent research has shown that providing oxygen to oiled sands at Fourchon can lead 
to significant biodegradation of PAHs over periods of a few months.  
(VII) The continued presence of oil on the beach is a major threat to wildlife.  
1.4 Organization of Thesis 
This thesis research was broken into two interconnected field and laboratory parts involving 
biostimulation to promote weathering of MC252 oil. The proceeding part of this thesis includes 
all in situ methods such as site location, data collections, biostimulation approach and design, 
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measurements, results, and an economic analysis of the bioremediation approach. The following 
part of the thesis includes the laboratory studies conducted throughout the research process. This 
chapter will include the purpose of the studies conducted, methods used, results and discussion of 
the findings. The closing chapter is a summary and outlook including experimental findings and 
implications as well as future research suggestions.  
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2.0 BIOREMEDIATION OF BURIED MC252 OIL: A FIELD TRIAL 
2.1 Introduction 
Following the Deepwater Horizon oil spill, Mississippi Canyon Block 252 (MC252) oil 
reached the shoreline of Fourchon Beach, Louisiana in May 2010. Shoreline oiling occurred as 
water-in-oil emulsions, which then mixed with sand and shell in the subtidal and intertidal zones 
of the beach (OSAT-2, 2011). To minimize further oil transport across the beach, hard structures 
including rock dams and bulkheads were constructed at five locations to close breaches. At the 
largest breach, termed Breach 1, a rock dam was used to mitigate oil transport to adjacent Bayou 
Moreau. While Incident Command, the joint agency response organization responsible for spill 
cleanup, attempted to actively remove the oil that had accumulated in front of the dam, methods 
were insufficient to completely remove the oil, leaving a buried oil deposit running the length of 
the former rock dam. 
Oil is buried on beaches by two primary mechanisms: penetration of oil through the sands 
(Vandermeulen, et al., 1979) and changes in beach morphodynamics driven by storms and tides 
(Bernabeu, et al., 2006). The degree of mobilization and utilization of buried oil is dependent upon 
energy levels and flatness of the various beach zones (Bernabeu, Rey, Lago, & Vilas, 2010) 
(Taylor & Reimer, 2008). When crude oil is protected from weathering processes, such as when 
deeply buried or in immobile sediment, biodegradation is considerably reduced (Short, Maselko, 
Lindeberg, Harris, & Rice, 2006) (Short, et al., 2007) (Taylor & Reimer, 2008). Important factors 
limiting biodegradation of subsurface oil include oxygen and nutrient availability (Short, Maselko, 
Lindeberg, Harris, & Rice, 2006) (Short, et al., 2007) (Taylor & Reimer, 2008) (Head, Jones, & 
Roling, 2006). While anaerobic degradation does occur (Acosta-Gonzales, Rossello-Mora, & 
Marques, 2012) (Meckenstock & Mouttaki, 2011) (Sherry, et al., 2013), the process is significantly 
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slower than aerobic processes (Baboshin & Golovleva, 2012). Breach 1, characterized by high 
nutrient and low oxygen availability and high salinity, provides a unique opportunity to study 
remedial options for buried oil in a field setting. 
Enhanced biodegradation of buried crude oil has been investigated in anoxic and nutrient 
limited environments (Rodriduez-Blanco, Antoine, Pelletier, Delille, & Ghiglione, 2010) (Venosa, 
et al., 1996) (Pontes, et al., 2013) (Roling W. F., et al., 2004) (Roling W. F., et al., 2002). The 
supply of oxygen to buried oil will strongly influence the rate and extent of biodegradation 
(Rowland, et al., 2000) (Boufadel, Sharifi, van Aken, Wrenn, & Lee, 2010). Studies have identified 
halophilic, aerobic PAH-degraders that increase in abundance after the introduction of crude oil 
(Wang, Zhong, Shan, & Shao, 2014) (Koo, Mojib, Huang, Donahoe, & Bej, 2015). Previous 
research using oiled sands from Fourchon Beach has indicated that aerobic bioremediation may be 
a useful technique (Westrick, 2014). However, a sustainable, cost-effective aeration scheme is 
needed to accomplish the use of aerobic bioremediation in a clean-up scenario. 
Oil contamination of beach ecosystems will continue to have severe environmental and 
economic consequences in the Gulf region (Kostka, et al., 2011), and understanding the oil-
degrading microbial communities responsible for natural or induced recovery is necessary in 
management of cleanup of oil-contaminated beach ecosystems. The objective of this study was to 
assess the potential biodegradation of buried MC252 oil in response to in situ aerobic 
biostimulation in a hypersaline, anoxic beach environment. A field trial of aerobic bioremediation 
was conducted at Fourchon, LA. Biodegradation of polycyclic aromatic hydrocarbons (PAHs) and 
alkanes was monitored by analyzing contamination levels of subsurface samples before and after 
installation of the in situ aerobic system. Biodegradation was also observed through investigation 
of hydrocarbon mineralization by stable isotope analysis, 13C, and percent abundance of 
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radiocarbon, 14C. Finally, next-generation sequencing of genomic DNA was done to examine the 
response in microbial structure in situ as a result of aerobic efforts. 
2.2 Materials and Methods 
2.2.1 Study Location, Field Pilot Installation 
The study location is located on Fourchon Beach, Louisiana in Lafourche Parish, just adjacent to 
Elmers Island (Figure 2.1). The site is a coastal headland beach, part of the larger Caminada 
Headlands beach system. Before the Deepwater Horizon oil spill, there existed a natural breach at 
this location where Bayou Fer Blanc discharged into the Gulf. As an immediate response to the 
spill, hard structures were used to prevent migration of oil from the Gulf into adjacent marsh.  At 
this location, the National Guard built a rock dam on a base of large sacks of sand (“supersacks”). 
As a result of this hard structure, oil and sand accumulated seaward of the wall filling in the breach. 
This resulted in buried oil across an 8-10 foot beach profile. After multiple attempts at oil 
excavation beneath the water table, response ended at the site in 2014.  
 
Figure 2.1 Location of Breach 1 in Fourchon, Louisiana. 
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The objective of the bioremediation field study at Breach 1 was to investigate the addition 
of oxygen to beach groundwater for microbial crude oil degraders to emerge which would lead to 
bioremediation of buried MC252 oil remaining in the subsurface of Breach 1. The plan included 
pressurized air followed by pure oxygenadditions using a Solinst Waterloo EmitterTM up gradient 
of the most contaminated area. At this site, groundwater typically flows from seaward toward the 
bay; however, there is minimal tidal variation at Fourchon. The emitters promote bioremediation 
through continuous and uniform release of oxygen by means of Fick’s law of diffusion. As 
breathing air or oxygen flows through the tubing (high concentration), it is continuously released 
into the groundwater (low concentration). The emitters consisted of silicone tubing, 3.8 inches in 
diameter and 51 inches long. Emitters require no electricity and require minimal maintenance. 
These were selected as a delivery method for oxygen due to the remote location and desired 
unattended operation.  
The field pilot treatment area was approximately 7,500 square feet. The pilot setup 
consisted of twelve injections wells that are 8-foot deep, 4-inch diameter screened over the entire 
depth of the well. Each injection well held one emitter below the water table with the center of the 
emitter at a depth of 4 feet. Four interconnected oxygen gas cylinders with a fixed regulator were 
connected to three series (IW A1-A4; IW B1-B4 and IW C1-C4) of four emitters each via ¼-inch 
LDPE tubing (Figure 2-2). The three sets of emitters were operated at a pressure of 20 psi. In 
addition, ten 8-foot deep, 2-inch diameter monitoring wells were installed for regular monitoring 
of groundwater conditions screened across the entire depth of the profile. The monitoring wells 
were positioned downgradient of the injection wells- the typical path of the groundwater flow. In 
addition, five 1-inch piezometers previously installed were regularly monitored. Subsurface 
aeration began with the supply of breathing air on July 22nd, 2015. The system transitioned to pure 
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oxygen on October 1st, 2015. Maintenance included periodically changing the oxygen cylinders, 
leak checking and developing the wells. Measurements were taken periodically by pumping 
groundwater from the injection wells and monitoring wells. A schematic of the treatment setup is 
shown in Figure 2.2.  
 
(a) 
(b) 
Figure 2.2 Treatment set up schematic with front view (a) and top view (b). 
2.2.2 Subsurface Solids Sampling 
Subsurface samples were taken using a direct push Geoprobe sampler during well installation or 
during dedicated sampling events. To obtain samples with a resolution closest to the injection well 
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and monitoring well locations, drill cuttings were collected from the Geoprobe during installation 
of the system on January 9th and 16th of 2015. For each of the twelve 4-inch wells installed, samples 
were taken at the end of the first 5-foot auger and at the end of the second 5-foot auger, resulting 
in 0-5’ and 5-10’ depth samples. Those samples were determined as “pre-aeration” samples and 
totaled twenty-four samples. Drill cuttings samples were collected across that interval, and further 
homogenized to represent an average across the depth interval. On June 10, another twenty “pre-
aeration” samples were taken during the installation of the 2” monitoring wells using the same 
method, totaling forty-four “pre-aeration” samples. Discrete “post-aeration” samples were taken 
at various depths using a 2” diameter direct push core on September 30, 2015 immediately prior 
to the transition to 100% oxygen. Subsamples were taken from the cores at 9-13”, 33-37”, 55-57”, 
and 77-81” depth, totaling thirty-six post-aeration samples. An unoiled location approximately 350 
feet west of the treatment system was used as a reference where triplicate discrete 2” Geoprobe 
cores were taken over the entire beach profile using the methods described above. Subsamples 
were taken from the same depths previously mentioned, totaling twelve background samples. All 
field samples were stored on ice after collection and analyzed for PAH and n-alkane content in the 
laboratory immediately. 
2.2.3 Oil Extraction and Analysis 
Polycyclic aromatic hydrocarbons (PAHs) and selected n-alkanes were extracted using accelerated 
solvent extraction (ASE) followed by analysis on a gas chromatograph equipped with a mass 
selective detector (GC-MSD). For heavily oiled samples, 5 g of the sample were measured out for 
analysis, and 10 g if not heavily oiled. The samples were then loaded into ASE stainless steel 
extraction cells with diatomaceous earth as a dessicant and extracted using the Thermo Scientific 
Dionex ASE 350 Accelerated Solvent Extractor which extracts using hexane:acetone (50:50) as 
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the solvent under 1700 psi at 100 °C. After extraction, the collected samples were concentrated 
down to 10 mL (or 20 mL for very oily samples) with a RapidVap N2 Dry Evaporation System. 
Samples were then prepared in 1 mL vials with 1 mL sample plus 5 L deuterated internal standard 
(napthelene, acenaphtheylene, phenanthrene and chrysene) for analysis by gas chromatograph-
mass selective detection (GC-MS) for targeted PAHs. A Hewlett Packard 6890N gas 
chromatograph equipped with a HP 6890 series autosampler, DB-5 capillary column (30 m x 0.25 
mm x 0.25 m film) and HP 5973N mass selective detector was used to analyze 1 L of each 
sample. The injector temperature was set to 300 °C. Oven temperature was programmed to be 45 
°C for 3 minutes then increase at 6 °C/min to 315 and held for 15 minutes. The detector temperature 
was 280 °C. Helium was used as the carrier gas at 5.7 mL/min.  Quality control included blanks 
(1 mL 50:50 hexane:acetone with 5 L internal standard) placed before and after each run and at 
five sample intervals and continuing calibration checks for analytes. A list of the PAH compounds 
and alkane compounds quantified are shown in Table 2.1 and Table 2.2. 
Table 2.1 PAH Compounds 
Naphthalene Phenanthrene Dibenzothiophene Chrysene Fluorene Other 
C1-naphthalene C1-phenanthrene C1-dibenzothiophene C1-chrysene C1-fluorene acenaphthylene 
C2-naphthalene C2-phenanthrene C2-dibenzothiophene C2-chrysene C2-fluorene acenaphthene 
C3-naphthalene C3-phenanthrene C3-dibenzothiophene C3-chrysene C3-fluorene anthracene 
C4-naphthalene C4-phenanthrene    Fluoranthene 
     pyrene 
     C1-pyrene/fluoranthene 
          hopanes 
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Table 2.2 Alkane Compounds 
Light Heavy Biomarkers 
Decane(C10) docosane  (C22) Pristane 
undecane  (C11) n-tetracosane  (C24) Phytane 
dodecane  (C12) n-hexacosane  (C26) Hopane 
tridecane  (C13) n-octacosane  (C28)  
tetradecane  (C14) n-tricontane  (C30)  
Pentadecane  (C15) n-dotricontane  (C32)  
Hexadecane  (C16) n-hexatriacontane  (C36)  
Heptadecane(C17)   
Octadecane  (C18)   
n-eicosane  (C20)     
2.2.4 Weathering Ratios 
Weathering ratios of PAHs and alkanes were generated to assist in interpreting the complex 
mixture of PAH compounds in the field subsurface samples. Weathering ratios were computed for 
PAHs by comparing the sum of the three-ring phenanthrene group and the sum of the three-ring 
dibenzothiophene group to the most recalcitrant group of 4-ring chrysenes. The fractions of 
phenthrenes and dibenzothiophenes were developed using Eq. 2.1 and Eq. 2.2. As these weathering 
ratios decrease, this indicates that weathering is proceeding by a variety of mechanisms. 
FP = Σ (C1-4 Phen)
Σ (C1-3 Phen + C1-3 Chry)
 Eq. 2.1 
FD =
Σ (C1-3 Dibenz)
Σ (C1-3 Dibenz + C1-3 Chry)
 Eq. 2.2 
Larger alkanes (>C21) have been shown to degrade more slowly than lighter alkanes (<C21) 
(Kostka, et al., 2011). As a representation of the biodegradation process of these compounds, 
alkane weathering ratios were developed by comparing the light alkane compounds to heavy 
compounds (Table 2.2) following  Eq. 2.3. 
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FA =
Σ (C10-20)
Σ (C21-36)
  Eq. 2.3 
Statistical analysis was done using SigmaPlot t-test, =0.05 on pre- and post-aeration 
phenanthrenes, dibenzothiophenes and alkane weathering ratios. 
2.2.5 Carbon Mineralization 
Mineralization of crude oil components to CO2 is the preferred weathering process, when 
possible, because the contaminants are removed from the system rather than transferred to another 
phase (Jackson and Pardue, 1999b; Leahy and Colwell, 1990).   Mineralization of crude oil can be 
directly measured in salt marshes due to differences in δ13C signature in petroleum and the C4 
plants (i.e., Spartina alterniflora) that dominate these ecosystems (Jackson and Pardue, 1999a; 
Jackson et al., 1996). 13C-depleted crude oils have signatures ranging from -20‰ to -31‰ (Deines 
et al., 1980; Jackson and Pardue, 1999a; Jackson et al., 1996) while MC252 crude has a δ13C 
signature of -27 ± 0.2‰ (Natter et al., 2012). The δ13C signature values of C4 plants range from -
14.4‰ to -17.7‰ differing drastically from that of the petroleum hydrocarbons. 
Dissolved CO2 from beach groundwater was analyzed for 
13C (expressed as δ13C ratio) and 14C 
(expressed as percent of modern carbon) to investigate hydrocarbon mineralization compared to 
background carbon mineralization. Samples include pre-aeration and post-aeration groundwater 
to observe potential changes in the source of carbon. Samples for pre-aeration were taken on June 
10, July 14, and October 8, 2014 and June 10, 2015. Analysis of hydrocarbon mineralization for 
pre-aeration samples was conducted by collecting groundwater samples from the previously 
installed 1” piezometers. Samples were collected by adding 100 mL of groundwater to a 250 mL 
wide mouth graduated Erlenmeyer flask with a screw cap. Sodium hydroxide (NaOH) (2 mL) was 
added to a test tube and placed in the Erlenmeyer flask with the sampled groundwater. A sulfamic 
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acid packet was added to the groundwater, and the flask was capped immediately allowing the 
NaOH to trap the CO2 released after acidification as carbonate. After sufficient reaction time, the 
2 mL NaOH/carbonate mixture was pipetted into a microcentrifuge tube. In the lab, 1 mL of barium 
chloride (BaCl) was added to each microcentrifuge tube to precipitate the CO3
2- as BaCO3. The 
tubes were centrifuged, decanted and the BaCO3 analyzed for δ13C performed by a natural 
abundance mass spectrometer at Louisiana State University’s College of the Coast and 
Environment Wetland Biogeochemistry Analytical Services. 
The percentage of CO2 production from MC252 oil mineralization was differentiated from 
that of the indigenous carbon mineralization using equations 2.4 and 2.5 (Jackson, Pardue, & 
Araujo, 1996). 
Ro+Ri=Rt Eq. 2.4 
where  Ro= rate of CO2 production from oil 
 Ri= rate of CO2 production from indigenous organic carbon 
Rt= total CO2 production rate 
Ro
Rt
(So)+
Ri
Rt
(Si)=St Eq. 2.5 
where  So= assumed signature of MC252 oil 
Si= assumed signature of unoiled reference material 
St= measured signature of sample 
 
Rt was calculated as the weight in mg CO2-C divided by the volume of groundwater sampled 
(100 mL) to get units of mg CO2-C/mL. St was the δ13C signature measured, and So and Si were 
assumed values of -27o/oo (Natter, et al., 2012) for MC252 crude oil and -14.5
 o/oo for indigenous 
organic matter which is the low end of signatures of C4-plants (Jackson, Pardue, & Araujo, 1996). 
The C4 plant signature was selected based on the presence of relict salt marsh underlying the beach 
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profile at the study area containing stubble from Spartina alterniflora. The percentages of the total 
carbon production from crude oil and indigenous carbon was determined by solving for Ro and Ri 
and dividing those values by Rt. A sample calculation can be found in Appendix D: Carbon 
Mineralization  Statistical analysis was done using SAS One-Way ANOVA, =0.05, and Duncans 
Multiple Range Test. 
Post-aeration groundwater was analyzed for dissolved inorganic carbon (DIC) from areas of 
clean, moderately oiled and heavily oiled conditions on May 5, 2016. Samples were extracted and 
analyzed by Beta Analytic, Inc. (Miami, FL) for 14C using accelerated mass spectrometry. 
Approximately 500 mL from each location were sampled under no headspace condition and 
shipped in amber 40 mL VOA vials over ice. The results were reported as percent modern carbon 
(pMC) and fraction of modern carbon (F14C).  
2.2.6 System Monitoring 
Dissolved oxygen (DO), pH, conductivity, pH, and oxidation reduction potential (ORP) within the 
monitoring wells was conducted by inserting ¼” low density polyethylene tubing through the 
depth of the well and pumping with a peristaltic pump. Monitoring wells were purged 
approximately 2.5 gallons before sampling to insure that samples were representative of the 
groundwater in the formation. . For the injection wells, groundwater was pumped from the bottom 
of the well and sampled after 10 seconds of discharge. The 10-second method was used in the 
injection wells for two main reasons: 1) to avoid a loss of DO to the atmosphere while measuring 
due to the high concentration of oxygen within the injection wells, and 2) to assess the condition 
of groundwater nearest the emitter which could be confounded by pulling in surrounding anaerobic 
groundwater. DO was measured using HACH HQ40d Portable Multi-Parameter Meter and 
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IntelliCAL™ LDO101 Rugged Luminescent/Optical Dissolved Oxygen (LDO) Probe. A 
calibrated Myron L Company Ultrameter II 6PFCE was used to measure pH, TSS, ORP, and 
conductivity. On August 8, 2015, a Solinst Barologger was installed in MW2 to collect pressure 
data from the air. A Solinst Levelogger was installed in MW2 and MW9 which records water level, 
temperature and salinity. The location of the two Leveloggers were chosen in order to observe 
groundwater flow between the two wells. 
2.2.7 Oxygen Delivery in Hypersaline Groundwater 
Oxygen solubility for the site specific hypersaline groundwater was observed by filling a ½ gal 
aquarium with site groundwater and aerating with an air stone connected to an air pump in the 
laboratory. A Unisense O2 Microsensor calibrated against the HACH HQ40d recorded the DO 
over 25 hours three times to get an average saturation value using air. The saturation observed 
from an air supply was converted to concentrations 5 times the saturation of air.  
Oxygen gas cylinders were monitored regularly and replaced as needed. The theoretical mass 
of oxygen delivered was calculated based on the operating principles of the Waterloo Emitters. It 
was theoretically estimated that each emitter is capable of diffusing molecular oxygen at 
approximately 12.9 L/day (University of Waterloo).  
2.2.8 Bacterial Extraction and Analysis 
Microbial characterization was performed for pre-aeration subsurface samples (twenty-four drill 
cutting samples), post-aeration subsurface samples (thirty-six core subsamples), and clean 
subsurface samples (twelve background core subsamples) sampled as described above. For 
Genomic DNA extraction, triplicate 0.5 g aliquots from each sample was prepared. Genomic DNA 
extraction was performed using a PowerSoil DNA Isolation kit (MoBio Laboratories Inc., 
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Carlsbad, CA) with various modifications to amplify the extraction. Modifications for 
amplification included:  
(I) First removing 200 L of the solution in the Powerbead tubes and replacing with 
200 L of phenol:chloroform before adding the sample into the tube,  
(II) Combining triplicate samples onto one filter during the spin filter process, and 
(III) Concentrating the final solution by adding 50 L of solution C6 rather than 100 L. 
DNA concentration and 260/230 and 260/280 purity ratios were measured using Thermo Scientific 
NanoDropTM spectrophotometer. Nucleic acids and proteins have absorbance maxima at 260 and 
280 nm, respectively, and absorbance at 230 nm is accepted as being a result of contaminants 
(Thermo Scientific). Therefore, 260/230 ratios were used an indicator of contamination from 
extraction procedures, and 260/280 ratios were used as an indicator of contamination from proteins 
or other reagents. Extracted DNA samples greater than 10 ng/uL were then sent to Argonne 
National Laboratory for next-generation sequencing by PCR targeting the V4 region of the 16S 
rRNA gene on the Illumina Mi-Se platform. Sequence data was processed and analyzed using 
Mothur v.1.34.4 (Kozich, Westcott, Baxter, Highlander, & Schloss, 2013) (Gomez-Smith, LaPara, 
& Hozalski, 2015). For execution of Mothur, samples were divided into four groups: 1) pre-
aeration samples 0-5’ depth, 2) pre-aeration samples 5-10’ depth, 3) post-aeration samples, and 4) 
reference samples. For all sequences, pair-end reads were combined to generate single sequences, 
which were then screened for quality. Sequences with any mismatched pairs, length outside the 
range (250 bp), ambiguous bases or homopolymers longer than 8 bp were excluded. Sequences 
were aligned to the SILVA bacterial 16S rRNA database, and chimeric sequences were removed 
using the UCHIME algorithm.  The results of each group were randomly subsampled to the number 
of sequences of the sample with the least number of sequences in each group to avoid bias. 
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Sequences were clustered into operational taxonomic units (OTUs) at a cutoff of 99% sequence 
identity. For each sample, the number of sequences per OTU was used to determine a 0.1% cutoff 
for further analysis. OTUs that had greater than 0.1% of total number of sequences were then 
matched to the phylotype generated by Mothur. Observed OTUs (Sobs), Predicted OTUs (ASE 
estimator) and Shannon Index values were determined using Mothur at a cutoff of 99.97% 
(Gomez-Smith, LaPara, & Hozalski, 2015). 
 The pre-aeration samples were grouped by the top 0-5 feet and bottom 5-10 feet depth samples. 
Drill cuttings from the injection wells were averaged per series and IWA1, IWA2, IWA3 and 
IWA4 were averaged together. The monitoring wells’ drill cuttings were grouped by 0-5’ and 5-
10’ and averaged by MW1-3, MW4-6, and MW7-10. Statistical analysis was done using SAS One-
Way ANOVA, =0.05, and Duncans Multiple Range Test on observed and predicted OTUs and 
Shannon indices for 0-5’ and 5-10’ pre- and post-aeration and reference samples. 
2.2.9 Economic Calculations 
To further evaluate the in situ remedial approach, an economic analysis was conducted to estimate 
total costs of initial setup and project life. Initial costs included required and optional equipment 
for a treatment area of 7,500 square feet and twelve injection wells with Waterloo EmittersTM. 
Operational costs included labor, oxygen for aerobic bioremediation, LDPE tubing for system 
monitoring, and transportation. Project life for Waterloo EmittersTM typically range from 2-3 years 
for silicone tubing and 5 years for LDPE tubing under usual operating conditions and groundwater 
environments (Solinst Canada Ltd., 2016). The cost of oxygen gas replacement was determined 
by assuming a replacement of all four gas cylinders once a month. Cost analysis assumed no 
replacements of emitters, internal tubing or fittings. The quantity of LDPE tubing for system 
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monitoring was estimated by calculating the depths of twenty-two wells and assuming new tubing 
for each well nine times throughout the year. Costs of LDPE tubing for system monitoring was 
based on the price of ¼” tubing. The annual costs of this remedial approach was compared to a 
case study in which application of Regenesis Advanced Oxygen Release Compounds (ORC 
Advanced®) was used for enhanced aerobic biodegradation of PAHs. 
2.3 Results and Discussion 
2.3.1 Weathering of Oil 
The average phenanthrene and dibenzothiophene weathering ratios for the pre-aeration subsurface 
samples were 0.909 ± 0.007 and 0.667 ± 0.015, respectively. The average phenanthrene and 
dibenzothiophene weathering ratios of the post-aeration core samples were 0.735 ± 0.018 and 
0.611 ± 0.014. Both phenanthrenes and dibenzothiophenes ratios of the post-aeration core samples 
were significantly different from the pre-aeration samples. A scatter plot representing the 
phenanthrenes ratios versus dibenzothiophenes ratios of the pre-aeration and post-aeration samples 
is shown in Figure 2.3. The phenanthrene and dibenzothiophenes weathering ratios of oil from the 
wellhead at the surface of the Gulf were 0.935 and 0.798, respectively (Diercks, et al., 2010). 
Comparing the pre- and post-aeration with the data from the wellhead in 2010 indicates a rapid 
decline in the weathering ratio following the addition of O2.  
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Figure 2.3 PAH weathering ratios of phenanthrenes (x-axis) and dibenzothiophenes (y-axis) for 
pre-aeration subsurface samples and post-aeration subsurface samples. Pre-aeration samples 
include drill cuttings from 01/09/15, 01/16/15, and 06/10/15 shown in red, orange, and green, 
respectively. Post-aeration samples from 09/30/15 are shown in blue. 
The average alkane weathering ratio of the pre-aeration and post-aeration samples were 1.629 
± 0.137 and 2.989 ± 0.448, respectively. The alkane ratios were significantly different. The 
increase in ratio shown in the post-aeration samples was a result of an average reduction in heavy 
compounds. The average concentration of the light compounds (C10-20) remained nearly the same 
(45 and 44 g/g soil) for pre- and post-aeration samples, while the average concentration of the 
heavy compounds (C21-36) decreased from 32 to 17 g/g soil. A variety of weathering processes 
affect crude oil components such as PAHs and alkanes including dissolution, photodegradation, 
volatilization and microbial degradation. For buried oil, where other weathering processes are very 
limited, changes in the ratio are consistent with an increase in the rate of biodegradation. 
Additional lines of evidence supporting an increase in the rates of microbial degradation are 
presented below.  
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2.3.2 Carbon Mineralization Evidence 
Additional evidence was obtained from measurement of the stable isotopic composition pre-
aeration and radiocarbon activity in post-aeration treated groundwater from the site. The area 
encompassing piezometers 5, 6 and 11 repeatedly had signs of being heavily oiled such as rainbow 
sheens in groundwater, free oil on the tubing used for groundwater sampling, and strong petroleum 
odors. Piezometers 8 and 9 were nearer the marsh and mangrove areas north of the beach and 
downgradient of piezometers 5, 6 and 11. Piezometer 12, 13 and 14 showed no signs of free-phase 
oil, but did have sheens and other indicators of crude oil presence. The average signatures of the 
groundwater samples agreed with the observations of oil persistence (Table 2.3). First, the 
assumption that C4 plant organic matter such as Spartina alterniflora is dominant in beach 
groundwater was demonstrated by the very elevated 13C signatures in piezometers 5-7. If it is 
assumed that just C4 organic matter and crude oil is present, then mineralization of crude oil would 
produce a more negative 13C signature. Lowest signatures (most negative) were seen in 
piezometers 12, 13 and 14 while the highest signatures (less negative) were in piezometers 5, 6, 7 
and 11 suggesting little mineralization of crude oil was occurring near piezometers 5, 6, 7 and 11.. 
These results could represent an area with detectable mineralization of crude oil in 12-14 
contrasted with an area where the crude oil is not mineralizing. Using a 2 end-member mixing 
model that considers only C4 organic matter and crude oil (Table 2.3), the amount of CO2 from 
crude oil in piezometers 12-14 was as high as 92%. In contrast, the amount of CO2 from crude oil 
was <15% in 5, 6, 7 and 11. 
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Table 2.3 Carbon Signatures and Production Profiles of Groundwater Samples 
Piezometer St Ro/Rt x 100% Ri/Rt x 100% Error (%) 
P-5  -13.1a ± 1.3 1 99 0.5 
P-6  -15.8a,b ± 0.6 8 92 3.0 
P-7  -15.8a,b ± 1.6 10 90 9.2 
P-8  -19.2b ± 9.2 21 79 5.2 
P-9  -21.2b ± 5.3 30 70 7.0 
P-11  -17.8a,b ± 5.7 14 86 8.0 
P-12  -26.8c ± 2.8 91 9 8.6 
P-13  -20.6c,d ± 6.5 92 8 8.6 
P-14  -18.4d ± 2.9 68 32 11 
Means with same letter are not statistically significantly different. 
More conclusive information from post-aeration groundwater was obtained from 
radiocarbon analysis of dissolved CO2. For these measurements, treated groundwater was 
compared with a reference location where oil was not present. Groundwater from reference wells 
in a less oiled area was 82.7% modern carbon, suggesting old CO2 depleted in 
14C similar to that 
of crude oil. Groundwater from a moderately oiled area sampled from MW-1 was 72.3% modern 
carbon. This area has shown signs of less effectual biodegradation. More CO2 was in this depleted 
state, signifying that more of the 14C-CO2 was from a depleted source like crude oil. Groundwater 
from a heavily oiled area sampled from MW-4 was 63.9% modern carbon. This area has shown 
more effective biodegradation. More CO2 was in this depleted state, signifying that more of the 
14C-CO2 was from a depleted source like crude oil. 
2.3.3 Oxygen 
Groundwater dissolved oxygen was frequently observed measured prior to the installation of the 
emitters and was found to be below detection (<0.02 mg/L). Air amendments began on June 20th, 
2015 and the following measurements of DO were taken on August 10th, 2015. The concentrations 
ranged from 0.4 to 0.8 mg/L for injection wells. No oxygen was observed in the monitoring wells 
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(<0.02 mg/L). After two months of monitoring air amendments in injection wells, the average 
concentration of DO was 9.5 mg/L in A1 and 0.3 in A3. The average DO in injection wells B2, 
B3, C2 and C3 ranged from 1 to 5 mg/L from August 18 to September 30, 2015. After switching 
to pure oxygen on October 1, the average DO from October 30 to March 27 ranged from 10 to 25 
mg/L while A1 repeatedly had the highest DO and A3 the least, suggesting that A3 had a higher 
demand for O2 or a less effectual emitter. The average DO for air and oxygen phases are shown in 
Table 2.4. No oxygen was ever observed in the monitoring wells, signifying that oxygen was 
immediately consumed outside of the injection wells. Based on observations of the datalogger 
which indicated slow rates of beach groundwater movement,   lack of transport was also a possible 
cause for oxygen depletion in the monitoring wells. 
Table 2.4 Average Observed DO in Injection Wells 
IW Series Pretreatment  Air Treatment Phasea O2 Treatment Phase
b 
A <<0.02 4.8 ± 2.1 16.9 ± 3.8 
B <<0.02 2.1 ± 0.7 17.3 ± 4.4 
C <<0.02 3.6 ± 1.5 15.3 ± 2.6 
a7/22/15 through 9/30/15, b10/1/15 through 4/27/15 
 The theoretical rate of oxygen was determined for each silicone emitter supplied with pure O2 at 
20 psi and an average annual temperature of 70.6 °F. The rate was determined to be 0.726 mol 
O2/day. With twelve emitters in use from July 22
nd, 2015 through August 2016, the theoretical 
total mass of oxygen delivered was 105 kg O2 (3277 mole O2).  
 The specific solubility of oxygen for the hypersaline groundwater of Breach 1 was determined in 
the laboratory by measuring DO while aerating with an air stone supplied by an air pump over 
triplicate 24-hour time intervals. Saturation concentration was determined to be 5.6 mg/L. 
Considering air is 20.95% oxygen, the saturated concentration of the groundwater due to a pure 
oxygen source was determined to be 26.7 mg/L. 
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 The results of the solubility tests agreed with the in situ DO concentrations observed in the field. 
The DO in the injection wells while supplied with air did not exceed 5 mg/L which is less than the 
saturation limit observed in the tests. While the system was supplied with pure oxygen, the 
maximum DO concentrations in the injection wells were slightly less than the saturation observed 
in the solubility tests. The ranges of DO experienced in situ during air and oxygen phases in 
different wells exhibited large differences in the demand and/or the transport of O2. 
2.3.4 Bacterial Characterization 
Changes in microbial structure were analyzed by the relative abundance of populations 
calculated for pre- and post-aeration and reference samples of Fourchon Beach sand. Bacterial 
communities were determined by Illumina MiSeq profiles of PCR-amplified 16S rRNA gene 
fragments of 4 groups of samples: (1) 0-5’ pre-aeration samples, (2) 5-10’ pre-aeration samples, 
(3) post-aeration samples and (4) reference samples from adjacent beach locations outside of oiled 
ares. A total of 221,364 sequences were found for the 0-5’ pre-aeration samples which were 
screened for quality and then subsampled to 30,000 sequences. A total of 1,793,598 sequences 
were obtained for the 5-10’ pre-aeration samples which were screened for quality and then 
subsampled to 40,000 sequences. A total of 4,037,738 sequences were obtained for the post-
aeration samples which were screened for quality and then subsampled to 24,867 sequences. 
Finally, 2,249,146 sequences were obtained for the reference samples which were screened for 
quality and then subsampled to 23,296 sequences. 
Pre-aeration Microbial Structure 
The average percent abundances of phylum found per averaged group of 0-5’ and 5-10’ pre-
aeration samples are shown in Figure 2.4. Marinobacter (circled for emphasis in Figure 2.4) was 
found to dominate the top 0-5’ by being predominant in eleven out of the nineteen 0-5’ samples, 
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ranging from 10 to 44% of the genera among those samples. Similarly to the top 0-5’ samples, 
Marinobacter was predominate in fifteen of the twenty-one 5-10’ samples, ranging from 10 to 
44% among those samples. A number of species and strains of Marinobacter are known halophilic, 
hydrocarbon degraders (Fathepure, 2014). Marinobacter spp. are metabolically diverse and can 
switch from an aerobic to anaerobic metabolism using nitrate as terminal electron acceptors in the 
absence of oxygen. (Duran, 2010). Marinobacter were a significant portion of the population in 
MC-252 contaminated beach sands from Florida assessed after oiling (Kostka et al., 2011). 
Sulfurimonas was predominant in seven of the twenty-one 5-10’ pre-aeration samples, with a 
high percentage abundance range of 15 to 68% among those samples. Those samples were 
characterized by both moderately oiled (IW-A1, A2, A3, A4 and C1) and heavily oiled (IW-B3 
and B4) conditions. Sulfurimonas belongs to deep-sea Epsilonproteobacteria. Sulfurimonas spp. 
are mesophilic and facultatively anaerobes and do not always require NaCl for growth. Growth 
(Shin, Pardue, & Jackson, 2000) occurs chemolithoautotrophically with sulfide, thiosulfate and 
hydrogen as electron donors and with nitrate, nitrite and O2 as electron acceptors, using CO2 as a 
carbon source (Takai, et al., 2006). Members of Epsilonproteobacteria have been reported to play 
major roles in sulfur and nitrogen cycles in marine environments and have an ability to tolerate 
hydrocarbons in contaminated environments (Paisse, et al., 2008).  Sulfurovum was predominant 
in five out of the nineteen 0-5’ pre-aeration samples, ranging from 20 to 51%. Those samples were 
also heavily oiled. Similarly to Sulfurimonas, Sulfurovum belongs to Epsilonproteobacteria. 
Sulfurovum is characterized by just two strains of the genus originally isolated from Okinawa 
hydrothermal vents. These strains are mesophilic hydrogen-oxidizing, thiosulfate-reducing, 
facultative anaerobes and require sea salt for growth, which occurs chemolithoautotrophically 
(Mino, et al., 2014). Both of these organisms are likely exploiting the sulfide being generated by 
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crude oil metabolism by sulfate reducing organisms (Shin, Pardue, & Jackson, 2000). Recent 
studies have found an abundance of Epsilonproteobacteria in anthropogenic pollution; however 
their metabolic role in degrading hydrocarbons are still not well-understood  (Marziah, et al., 2016) 
Rhodobacteraceae was predominant in six of the twenty-one 5-10’ samples and ranged from 
10 to 25%. Those samples were located in moderately oiled areas. Kostka et. al (Kostka, et al., 
2011) found that many members of the family Rhodobacteraceae, namely Sulfitobacter and others, 
dominated oily beach sands and were not predominant in clean beach sands or fresh MC252. 
Kostka et al. (2011) suggested that Rhodobacteraceae could be used as an indicator of late stages 
of oil degradation when more recalcitrant compounds such as PAHs predominate. 
Pseudoalteromonas were predominant in five out of the nineteen 0-5’ samples, ranging from 
14 to 46%. Those sample locations were characterized by heavily oiled. Some members of 
Pseudoalteromonas genus are salt-loving aerobic hydrocarbon degraders that have been proven to 
increase in abundance when introduced to oil (Wang, Zhong, Shan, & Shao, 2014).  
Thiomicrospira were predominant in four of the twenty-one 5-10’ samples with percent 
abundance ranges of 10 to 29% and 47% of one 0-5’ sample, IW-B3. Those samples were located 
in strictly heavily oiled areas. Koo et al. (Koo, Mojib, Huang, Donahoe, & Bej, 2015) found that 
Thiomicrospira increased their relative abundance after three weeks of oil treatment, falling into 
the group of late responders to oil contamination. Taken together the pre-aeration samples 
indicated a population of diverse hydrocarbon degraders adapted to the hypersaline conditions at 
Breach 1. 
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(a) 
   
(b) 
Figure 2.4 Bacterial community profiles of most abundant phylotypes represented in (a) 0-5’ and 
(b) 5-10’ pre-aeration samples. 
Post-aeration Microbial Structure 
The average percent abundance of phylotypes averaged across 0-5’ and 5-10’ post-aeration 
samples are shown in Figure 2.5. The top 0-5’ post-aeration cores were dominated by Halomonas 
(circled for emphasis in Figure 2.5) which was predominant in six out of the fifteen samples with 
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percent abundances ranging from 24 to 40% within those samples. Halomonas was predominant 
in all 0-5’ A1 cores, which were located in an area that was moderately oiled and had the highest 
average DO (9.5 mg/L) throughout the air treatment phase. Halomonas was most frequent in the 
bottom 5-10’ post-aeration cores, existing in seven of the fifteen samples and having percent 
abundances ranging from 17 to 42% within those samples. Similar to the top 0-5’, the samples in 
which Halomonas was predominant were all A1 5-10’ cores. Halomonas spp. have been reported 
to degrade aromatic and aliphatic hydrocarbons in marine and hypersaline environments 
(Chronopoulou, et al., 2014). Chronopoulou et. al (2014) found six strains of Halomonas grew on 
a wide range of hydrocarbons, while metabolizing almost all of the alkane components but not the 
aromatic components, suggesting a preference for alkanes when both alkane and PAHs are 
predominant (Chronopoulou, et al., 2014). 
Gammaproteobacteria were predominant in eight of the fifteen 0-5’ samples and ranged 
from 10-28% abundances among those samples. Those samples were generally found in the 
heavily oiled areas that had low DO concentrations (1-5 mg/L) during the air phase. 
Gammaproteobacteria were present in ten of the fifteen 5-10’ post-aeration samples and had 
percent abundances ranging from 10 to 42%. Those samples originated across the treatment area 
including locations of moderately oiled, heavily oiled, low and high DO concentrations. There are 
many phylotypes which belong to the class Gammaproteobacteria that are known hydrocarbon 
degraders (Kostka, et al., 2011) (Chronopoulou, et al., 2014). Genera belonging to 
Gammaproteobacteria previously mentioned are Marinobacter, Halomonas, Pseudoalteromonas 
and Thiomicrospira. There is a wide range of hydrocarbon compounds that members of 
Gammaproteobacteria prefer to use as an energy source, causing various phylotypes of 
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Gammaproteobacteria to be predominant at different stages of oil contamination (Koo, Mojib, 
Huang, Donahoe, & Bej, 2015) (Harwati, Kasai, Kodama, Susilaningsih, & Watanabe, 2007). 
Deltaproteobacteria was predominant in four of the fifteen samples, all belonging to 0-5’ 
B3 cores, also considered a heavily oiled area with low DO observations during treatment. The 
percent abundance of Deltaproteobacteria seen in those samples ranged from 18 to 33%. Anaerobic 
sulfate-reducing bacteria of class Deltaproteobacteria have often been found in marine sediments 
associated with hydrocarbons (Koo, Mojib, Huang, Donahoe, & Bej, 2015). However, Koo et al. 
(2015) found that after oil treatment, all genera belonging to Deltaproteobacteria decreased 
suggesting that the sulfur-oxidizing bacteria out-competed the sulfur-reducers of class 
Deltaproteobacteria. 
 Interestingly, Hyphomicrobiaceae was present in nine of the eleven subsamples of B3 cores 
(0-5’ and 5-10’ samples) ranging from 0.3 to 19% within B3 cores, a heavily oiled location with 
moderate DO concentrations. Hyphomicrobiaceae belongs to order Rhizobiales of class 
Alphaproteobacteria, and is known to contain aerobic hydrocarbon degrading species (Beazley, et 
al., 2012). The microbial structure in post-aeration samples indicate that addition of oxygen to the 
subsurface changed the composition of the diverse, halophilic, hydrocarbon degrading microbial 
populations present in Breach 1. Dominant species found of the pre-aeration samples such as 
Marinobacter, were not specifically identified in the post-aeration however belonging to 
Gammaproteobacteria. Instead, Halomonas was the predominate genus after aerobic treatment, 
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suggesting that Halomonas will out compete Marinobacter and be largely responsible for aerobic 
degradation of hydrocarbons. 
 
Figure 2.5 Bacterial community profiles of most abundant phylotypes represented in post-
aeration samples. 
Reference Microbial Structure 
The average percent abundance of phylotypes found per averaged group of 0-5’ and 5-10’ 
reference samples are shown in Figure 2.6. Of the top 0-5’ reference samples, Proteobacteria was 
predominant in half of the six samples, with a percent abundance ranging from 18 to 45% within 
those samples. Other phylotypes predominant in two out of the six 0-5’ reference samples with 
high percent abundances were Betaproteobacteria, Hyphomicrobiaceae, Planomicrobium, 
Marinobacter and Sulfurovum. Of the 5-10’ depth reference samples, Hyphomicrobiaceae was 
predominant in half of the six samples with percent abundances ranging from 16 to 60%. 
Anaerolineaceae was predominant in two of the six samples with percent abundances of 11 and 
24% within these samples. Interestingly, some members of genera Hyphomicrobiaceae (Beazley, 
et al., 2012), Planomicrobium (Head, Jones, & Roling, 2006) and Marinobacter (Fathepure, 2014) 
(Duran, 2010) are known hydrocarbon degraders, and Sulfurovum is known to be abundant in 
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contaminated soils (Marziah, et al., 2016) (Mino, et al., 2014). Members of family 
Anaerolineaceae have been found to dominate oil contaminations. (Liang, et al., 2015) (Sherry, et 
al., 2013). Anaerolineaceae is an obligately anaerobic, non-photosynthetic family (Sherry, et al., 
2013). These populations are very different than the oiled pre- and post-aeration samples located 
nearby. Marinobacter is significantly less abundant and Halomoas is not present. The results of 
the pre- and post-aeration and reference samples suggest that the presence of oil has significantly 
changed the microbial structure. Furthermore, the introduction of Halomonas is obvious after two 
months of subsurface aeration biostimulation. 
 
Figure 2.6 Bacterial community profiles of most abundant phylotypes represented in background 
samples. 
Microbial Diversity  
The number of observed OTUs, predicted OTUs using ACE estimator and Shannon indices of pre-
aeration, post-aeration and reference samples averaged over depths of 0-5’ and 5-10’ are shown in 
Table 2.5. There were no significant differences in observed and predicted OTUs for pre-aeration, 
post-areation and reference samples at 0-5’. However, the Shannon indices of the top 0-5’ 
reference samples were significantly less than the top 0-5’ pre- and post-aeration samples. 
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Observed and predicted OTUs of 5-10’ post-aeration and reference samples were significantly 
similar, but significantly different from the 5-10’ pre-aeration samples. This was a result of an 
increased number of pre-aeration observed and predicted OTUs of pre-aeration in the bottom 5-
10’ from the top 5-10’, while the post-aeration and reference OTUs were significantly similar 
between the top and bottom samples. Shannon indices of the 5-10’ reference samples were 
significantly less than the pre- and post-aeration samples. 
Table 2.5 Number of OTUs, Predicted OTUs (ACE estimator), and Shannon Index for Bacterial 
Communities Obtained from Pre-aeration, Post-aeration and Reference Samples at 0-5’ and 5-
10’ Depth 
  OTUs ACE Estimator Shannon Index 
 0-5' 
Pre-aerationa 3994  ± 485 18541 ± 1974 4.8 ± 0.46 
Post-aerationb 3021 ± 298 14001 ± 1671 5.69 ± 0.18 
Referencec 2581 ± 633 15552 ± 3209 3.41 ± 0.65 
 5-10' 
Pre-aerationd 5114 ± 472 24552 ± 2062 5.07 ± 0.41 
Post-aerationb 3329 ± 430 15262 ± 2415 5.50 ± 0.31 
Referencec 1827 ± 459 8414 ± 2407 3.00 ± 0.48 
a Subsample number of sequences 30,000, b Subsample number of sequences 24,867, c Subsample number 
of sequences 23,296, d Subsample number of sequences 40,000 
 
2.3.5 Economic Calculations 
The annual expense of the in situ remedial approach was determined to evaluate the feasibility in 
comparison to other remediation efforts. The annual project costs are broken down in Table 2.6. 
The total cost of materials was $11,966.00 and an additional $4,537.00 for optional items. 
Assuming a monthly replacement of O2, the annual operational costs of gas was $768.00. Labor, 
personnel and transportation in the one-time initial setup was $8,000. Operational labor, including 
personnel and transportation was $50/hour plus 1.8 overhead, totaling $21,600 for the year. 
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Table 2.6 Estimated Project Costs 
INTITIAL COSTS 
Materials Unit Quantity $/Unit $/Year 
4" 10’ PVC screened wells Well 12 52.50 630.00  
3.8” Silicone Waterloo EmittersTM  Emitter 12 708.00 8,496.00  
4-Cylinder Gas Storage Unit Container 1 640.00 640.00  
Two-Stage Gas regulator Regulator 1 492.00 492.00  
Gas hose Hose 3 20.00 60.00  
O2 gas fittings Fittings 4 20.00 80.00  
¼” LDPE tubing 500 feet 2 70.00 140.00  
¼” Compression tee unions Union 18 5.00 90.00  
¼” Compression needle valves Valve 3 5.00 15.00  
1" 10’ Protective PVC casing Casing 26 13.15 341.90  
Locking Well Caps Assembly Cap 12 44.00 528.00  
2" PVC screened wells Well 10 23.95 239.50  
2” 10’ Well slip caps Cap 10 2.50 25.50  
1” 10’ PVC screened wells Well 9 19.95 179.55  
1” Well slip caps Cap 9 0.95 8.55  
      
Optional Equipment      
Solinst Levelogger® Levelogger 2 581.00 1,162.00  
Solinst Barologger Barologger 1 304.00 304.00  
Optical reader (USB) USB 1 149.00 149.00  
Kevlar cord 20 feet 1 5.00 5.00  
HACH HQ40d Multi-meter 1 1,052.00 1,052.00  
IntelliCAL™ LDO101 Probe 1 764.00 764.00  
Myron L® Ultrameter II™ Multi-meter 1 1,101.00 1,101.00  
      
Labor Day 4 2,000.00 8,000.00  
Total Initial Costs $24,503.00 
OPERATIONAL COSTS 
Oxygen Gas Cylinders Cylinder 4 16.00 768.00 
Labor Hour 240 50x1.8 21,600.00 
¼” LDPE Tubing 500 feet 20 70.00 1,400.00 
 Total Operational Costs $23,768.00 
 
A Regenesis case study (JACOBS) at Former Lama Petroleum site in Barking UK was used to 
compare application of Advance Oxygen Release Compound (ORC Advance®) for enhanced 
biodegradation of PAHs. The treatment area was 1.7 acres with 813 direct-push injection of ORC 
Advance®. After a year, total PAHs were <0.1 g/L, a 99% reduction. The total project cost was 
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$247,577, equivalent to $24,659 for the treatment area of Breach 1. This bioremediation case study 
presented evidence that application of ORC Advance® is a cost-effective, positive bioremediation 
approach. ORC Advance® requires less labor and transportation than the use of Waterloo 
EmittersTM with frequent O2 gas replacement. However, numerous direct-push injection points of 
ORC Advance® is more expensive than the one-time installation of injection wells for Waterloo 
EmitterTM. Both approaches are feasible methods of enhanced bioremediation of buried oil. 
2.4 Conclusions 
Results indicate that addition of oxygen to the subsurface enhanced weathering of PAHs and 
alkane in buried crude oil by increasing the amount of oxygen present in groundwater and changing 
the composition of the diverse, halophilic, hydrocarbon degrading microbial population present in 
Breach 1. Stable isotopic and radiocarbon evidence of dissolved inorganic carbon originating from 
crude oil through mineralization was also obtained, both pre- and post-aeration. Addition of 
oxygen decreased weathering ratios for 3-ring PAHs indicating that increased rates of degradation 
of phenanthrenes and dibenzothiophenes were observed. Biostimulation of buried crude oil may 
be amenable as a remedial approach if effective delivery methods for O2 can be developed.   
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3.0 OPTIMIZATION OF OXYGEN BIOSTIMULATION FOR BIODEGRADATION 
OF MC252 OIL 
3.1 Introduction 
Mississippi Canyon Block 252 (MC252) oil reached the shoreline of Fourchon Beach, 
Louisiana in May 2010. Oil contaminated the shoreline in the form of water-in-oil emulsions, 
which then mixed with sand and shell in the subtidal and intertidal zones of the beach (OSAT-2, 
2011). Hard structures including rock dams and bulkheads were constructed at five locations to 
close breaches to minimize further oil transport across the beach. The largest breach, termed 
Breach 1, was managed by constructing a rock dam to mitigate oil transport to adjacent Bayou Fer 
Blanc. Oil accumulated and was buried in front of the dam by natural morphodynamics. Attempts 
to actively remove the buried oil in front of the dam were insufficient, leaving a buried oil deposit 
running the length of the former rock dam. Six years after the spill, detectable oil continues to exist 
across the beach profile at Breach 1 and free oil is observed in one location approximately 7,500 
square feet. Past research at Fourchon Beach show minimal signs of hydrocarbon degradation 
which is likely due to the well-documented anoxic and hypersaline conditions found at Breach 1 
(Westrick, 2014). 
Previous studies have identified halophilic, aerobic hydrocarbon degraders proven to 
increase in abundance after the introduction of crude oil (Wang, Zhong, Shan, & Shao, 2014) (Koo, 
Mojib, Huang, Donahoe, & Bej, 2015). Enhanced biodegradation of buried crude oil has been 
investigated in anoxic and nutrient limited environments (Rodriduez-Blanco, Antoine, Pelletier, 
Delille, & Ghiglione, 2010) (Venosa, et al., 1996) (Pontes, et al., 2013) (Roling W. F., et al., 2004) 
(Roling W. F., et al., 2002) similar to Breach 1. Oxygen and nutrient availability are important 
factors limiting biodegradation of subsurface oil (Short, Maselko, Lindeberg, Harris, & Rice, 
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2006) (Short, et al., 2007) (Taylor & Reimer, 2008) (Head, Jones, & Roling, 2006). The addition 
of oxygen to the subsurface will strongly influence the rate and extent of biodegradation of deeply 
buried oil (Rowland, et al., 2000) (Boufadel, Sharifi, van Aken, Wrenn, & Lee, 2010). This 
location provides a unique opportunity to investigate the response in microbial structure due to an 
oil spill event and during enhanced aerobic bioremediation efforts. 
While anaerobic degradation does occur (Acosta-Gonzales, Rossello-Mora, & Marques, 
2012) (Meckenstock & Mouttaki, 2011) (Sherry, et al., 2013), the process is significantly slower 
than in the presence of oxygen (Baboshin & Golovleva, 2012). Breach 1 is characterized by low 
oxygen availability, high salinity and nutrient availability. Previous research using oiled sands 
from Fourchon Beach has indicated that aerobic biostimulation is a useful technique in enhancing 
biodegradation of buried oil at this location (Westrick, 2014). However, the optimum addition of 
oxygen was not well known for this hypersaline, anoxic environment. 
The objective of this study was to determine an optimum aerobic biostimulation scheme to 
promote biodegradation of buried MC252 oil in a hypersaline, anoxic beach environment. Serum 
bottle studies were conducted to analyze biodegradation of polycyclic aromatic hydrocarbons 
(PAHs) and alkanes as a response to adding varying volumes of O2 over time. Next-generation 
sequencing of genomic DNA was done to examine the response in microbial structure as a result 
of aerobic efforts. Nutrient and electron acceptors were monitored throughout the serum bottle 
studies to better understand the aerobic and anaerobic metabolic processes. 
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3.2 Materials and Methods 
3.2.1 Study Site 
The study location is located on Fourchon Beach, Louisiana in Lafourche Parish, just adjacent to  
Elmers Island (Figure 3.1). The site is a coastal headland beach, part of the larger Caminada 
Headlands beach system. Before the Deepwater Horizon oil spill, there existed a natural breach at 
this location where Bayou Fer Blanc discharged into the Gulf. As an immediate response to the 
spill, hard structures were used to prevent migration of oil from the Gulf into adjacent marsh and 
this location the National Guard built a rock dam on a base of large sacks of sand (“supersacks”). 
As a result of this hard structure, oil and sand accumulated seaward of the wall filling in the breach. 
This resulted in buried oil across an 8-10 foot beach profile. After multiple attempts at oil 
excavation beneath the water table, response ended at the site in 2014. 
 
Figure 3.1 Location of Breach 1 in Fourchon, Louisiana. 
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3.2.2 Serum Bottle Biodegradation Studies 
Two short-term and two long-term studies were conducted to analyze weathering of oil in two 
types of materials that had different levels of contamination (PE13 and DC13). Serum bottles (30 
mL, Wheaton) consisting of 10 g of oily material and 10 mL of groundwater from Breach 1 were 
constructed and closed with gray butyl rubber septa and aluminum crimp caps.  The serum bottles 
were prepared inside an anaerobic chamber (Coy Laboratory Products, Inc.) filled with 3% H2 and 
97% N2. The bottles were stored in a sealed, rotating tumbler. Five treatments were selected for 
the studies: a microbial inhibited control, anaerobic, and three levels of O2 (defined below as level 
1-3) per month dosage. The microbial inhibited controls were prepared by adding 3 g 
formaldehyde to each serum bottle receiving this treatment. O2 treatments were controlled by 
dosing varying volumes of pure O2 regularly by filling a gastight syringe from a gauge-regulated, 
O2 gas cylinder with a septa. Maintenance included dosing O2 accordingly and changing rubber 
septa periodically. Crude oil components, consisting of various PAH and alkane were analyzed 
over time. Initial PAH and alkane analyses was generated form time zero samples. 
Orthophosphate, sulfate, and ammonia in the water column were observed over time. DNA for 
next-generation sequencing and microbial community structure analysis was extracted from time 
zero samples and during the long-term studies. Methods are described for these analyses below.  
Short-term Studies. 
PE13S and DC15S bottles were created in triplicate for each treatment and time step. Three sets 
of bottles were designated for 3, 6 and 9-week extraction points. For example, after three weeks, 
a designated set of microbially-inhibited, anaerobic, Level 1, 2 and 3 O2 triplicate PE13S bottles 
were sacrificed for analysis, totaling fifteen PE13S bottles. The PE13S aerobic bottles were dosed 
every four days, totaling monthly dosages of 10 mg O2 (Level 1), 17.5 mg O2 (Level 2), and 25 
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mg O2 (Level 3). DC15S aerobic bottles were dosed every two days, totaling monthly dosages of 
20 mg O2 (Level 1), 35 mg O2 (Level 2), and 50 mg O2 (Level 3). 
Long-term Studies 
PE13L and DC15L bottles were created in triplicate for each treatment as described above. Three 
sets of bottles were designated for 12, 18, and 30-week extraction points. The PE13L aerobic 
bottles were dosed every four days, totaling monthly dosages of 10 mg O2 (Level 1), 17.5 mg O2 
(Level 2), and 25 mg O2 (Level 3). DC15L aerobic bottles were dosed every two days, totaling 
monthly dosages of 20 mg O2 (Level 1), 35 mg O2 (Level 2), and 50 mg O2 (Level 3). 
3.2.3 Oil Extraction and Analyses 
Polycyclic aromatic hydrocarbons (PAHs) and selected n-alkanes were extracted using accelerated 
solvent extraction (ASE) followed by analysis on a gas chromatograph equipped with a mass 
selective detector (GC-MSD). For heavily oiled samples, 5 g of the sample were measured out for 
analysis, and 10 g if not heavily oiled. The samples were then loaded into ASE stainless steel 
extraction cells with diatomaceous earth as a dessicant and extracted using the Thermo Scientific 
Dionex ASE 350 Accelerated Solvent Extractor which extracts using hexane:acetone (50:50) as 
the solvent under 1700 psi at 100 °C. After extraction, the collected samples were concentrated 
down to 10 mL (or 20 mL for very oily samples) with a RapidVap N2 Dry Evaporation System. 
Samples were then prepared in 1 mL vials with 1 mL sample plus 5 L deuterated internal standard 
(napthelene, acenaphtheylene, phenanthrene and chrysene) for analysis by gas chromatograph-
mass selective detection (GC-MS) for targeted PAHs. A Hewlett Packard 6890N gas 
chromatograph equipped with a HP 6890 series autosampler, DB-5 capillary column (30 m x 0.25 
mm x 0.25 m film) and HP 5973N mass selective detector was used to analyze 1 L of each 
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sample. The injector temperature was set to 300 °C. Oven temperature was programmed to be 45 
°C for 3 minutes then increase at 6 °C/min to 315 and held for 15 minutes. The detector temperature 
was 280 °C. Helium was used as the carrier gas at 5.7 mL/min.  Quality control included blanks 
(1 mL 50:50 hexane:acetone with 5 L internal standard) placed before and after each run and at 
five sample intervals and continuing calibration checks for analytes. A list of the PAH compounds 
and alkane compounds quantified are shown in Table 3.1 and Table 3.2.  
Table 3.1 PAH Compounds 
Naphthalene Phenanthrene Dibenzothiophene Chrysene Fluorene Other 
C1-naphthalene C1-phenanthrene C1-dibenzothiophene C1-chrysene C1-fluorene acenaphthylene 
C2-naphthalene C2-phenanthrene C2-dibenzothiophene C2-chrysene C2-fluorene acenaphthene 
C3-naphthalene C3-phenanthrene C3-dibenzothiophene C3-chrysene C3-fluorene anthracene 
C4-naphthalene C4-phenanthrene    Fluoranthene 
     pyrene 
     C1-pyrene/fluoranthene 
          hopanes 
 
Table 3.2 Alkane Compounds 
Light Heavy Biomarkers 
Decane  (C10) docosane  (C22) Pristane 
undecane  (C11) n-tetracosane  (C24) Phytane 
dodecane  (C12) n-hexacosane  (C26) Hopane 
tridecane  (C13) n-octacosane  (C28)  
tetradecane  (C14) n-tricontane  (C30)  
Pentadecane  (C15) n-dotricontane  (C32)  
Hexadecane  (C16) n-hexatriacontane  (C36)  
Heptadecane  (C17)   
Octadecane  (C18)   
n-eicosane  (C20)     
 
PAHs and alkanes were analyzed at weeks 3, 6, and 9 for the short-term studies and weeks 12, 18, 
and 30 for the long-term studies. For the short-term studies, all soil (10 g) in each bottle was 
sacrificed for PAH and alkane analysis. For the long-term study, 1 g was preserved for DNA 
purposes and the remaining 9-g sample was used for oil analysis. 
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In order to compare the PAH concentrations over different time steps and different oily 
material, concentrations were normalized over the corresponding concentrations of the kill 
controls for total PAHs, C1-phenanthrene and C1-chrysene. Statistical analysis was done using 
SAS Two-Way ANOVA, =0.05, and Duncans Multiple Range Test on PE13S and DC13S at 
weeks 3, 6 and 9 and PE13L and DC15L at weeks 12, 18 and 30.  
3.2.4 Bacterial Extraction and Analyses 
Microbial structures were characterized during the long term serum bottle studies at the end of 
twelve, eighteen and thirty weeks. For Genomic DNA extraction, triplicate 0.5 g aliquots from 
each sample was prepared. Genomic DNA extraction was performed using a PowerSoil DNA 
Isolation kit (MoBio Laboratories Inc., Carlsbad, CA) with various modifications to amplify the 
extraction. Modifications for amplification included:  
(I) First removing 200 L of the solution in the Powerbead tubes and replacing with 
200 L of phenol:chloroform (ratio?) before adding the sample into the tube,  
(II) Combining triplicate samples onto one filter during the spin filter process, and 
(III) Concentrating the final solution by adding 50 L of solution C6 rather than 100 L. 
DNA concentration and 260/230 and 260/280 purity ratios were measured using Thermo Scientific 
NanoDropTM spectrophotometer. Nucleic acids and proteins have absorbance maxima at 260 and 
280 nm, respectively, and absorbance at 230 nm is accepted as being a result of contaminants 
(Thermo Scientific). Therefore, 260/230 ratios were used an indicator of contamination from 
extraction procedures, and 260/280 ratios were used as an indicator of contamination from proteins 
or other reagents. Extracted DNA samples greater than 10 ng/uL were then sent to Argonne 
National Laboratory for next-generation sequencing by PCR targeting the V4 region of the 16S 
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rRNA gene on the Illumina Mi-Se platform. Sequence data was processed and analyzed using 
Mothur v.1.34.4 (Kozich, Westcott, Baxter, Highlander, & Schloss, 2013) (Gomez-Smith, LaPara, 
& Hozalski, 2015). For execution of Mothur, samples were divided into three groups: 1) week 12, 
2) week 18, and 3) week 30. For all sequences, pair-end reads were combined to generate single 
sequences, which were then screened for quality. Sequences with any mismatched pairs, length 
outside the range (250 bp), ambiguous bases or homopolymers longer than 8 bp were excluded. 
Sequences were aligned to the SILVA bacterial 16S rRNA database, and chimeric sequences were 
removed using the UCHIME algorithm.  The results of each group were randomly subsampled to 
the number of sequences of the sample with the least number of sequences in each group to avoid 
bias. Sequences were clustered into operational taxonomic units (OTUs) at a cutoff of 99% 
sequence identity. For each sample, the number of sequences per OTU was used to determine a 
0.1% cutoff for further analysis. OTUs that had greater than 0.1% of total number of sequences 
were then matched to the phylotype generated by Mothur. Observed OTUs (Sobs), Predicted OTUs 
(ASE estimator) and Shannon Index values were determined using Mothur at a cutoff of 99.97% 
(Gomez-Smith, LaPara, & Hozalski, 2015). 
DNA was extracted from time zero samples for both PE13 and DC15. At 12, 18 and 30-week 
extractions, approximately 1 g was reserved for DNA sequencing. From each 1-g samples of 
triplicate treatments, 0.5 g were used, and the triplicate samples were combined in the spin filter 
step, one of the modifications to amplify the DNA extraction (Section 2.2.7).  Statistical analysis 
was done using SigmaPlot One-Way ANOVA, =0.05, and Duncans Multiple Range Test on 
observed and predicted OTUs and Shannon indices of DC15L at weeks 12, 18 and 30.  
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3.2.5 Nutrient and Electron Acceptor Analyses 
For each time step, orthophosphate, sulfate, and ammonia were analyzed from 2 mL of water in 
each bottle using a SmartChem® 200 Discrete Analyzer. SmartChem 200 Methods used were 410-
3651 for orthophosphate (based on EPA 365.1 Rev. 2.0, 1993, Standard Methods 4500-P-F 18th, 
19th Editions), 471N-0405D Modl for sulfate (based on the Standards Method 426C, 16th Edition, 
and ASTM Method D516-90,02), and 210-201B for ammonia (based on Standard Methods 4500-
NH3-G [19
th, 20th, and 21st Edition] and 4500-NH3-H [18
th edition). Statistical analysis was done 
using SAS Two-Way ANOVA, =0.05, and Duncans Multiple Range Test on PE13S and DC13S 
at week 9 and PE13L and DC15L at week 30 for DO, ammonia, orthophosphate and sulfate 
concentrations.  
For further analysis of nitrogen content after treatment, nitrate was measured occasionally in 
O2-treated bottles after 30 weeks of aeration using HACH Nitrate LR TNTplus reagent set,  
Dimethylphenol Method 10206 (TNTplusTM 835) and HACH DR2800TM portable 
spectrophotometer. 
3.2.6 Oxygen Equilibrium Reduction 
A laboratory serum bottle study was conducted to determine the dissolved oxygen equilibrium in 
sand:water slurries consisting of oiled subsurface samples and groundwater. Two Breach 1 
materials used utilized in this study: (1)  oily sands recovered during excavation used as part of a 
Incident Command’s response approach in late 2013, taken from approximately 2 feet depth 
(PE13) and (2) oily sands sampled from drilling cuttings in early 2015, taken from approximately 
5-10 feet depth (DC15). Triplicate BOD bottles were prepared with approximately 200 g of the 
oily subsurface materials and filled with groundwater samples taken from the site. Soft tubing 
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connected to air pumps were placed in each bottle, and the bottles were stirred by hand every few 
hours to ensure mixing. A Fisher Scientific Accumet XL600 Dual Channel meter was used to 
record DO. The maximum salinity correction capability of the Accumet probe was 45 ppt, and 
adjustments were made to account for an average salinity of 80 ppt of the groundwater. DO was 
measured after 17 hours of complete aeration and mixing. DO was measured again two days after 
the first measurements and again after two weeks while periodically refilling the bottles with 
groundwater and mixing. 
 The concentration of DO after two weeks was then compared to the saturated concentrations 
determined in an ealier study to quantify the reduction of DO due to the slurries. The difference in 
equilibrium between groundwater alone and the slurry is a measure of the difference in demand 
between samples PE13 (2013 post-excavation material) and DC15 (2015 drilling cuttings).  
3.3 Results and Discussion 
3.3.1 Serum Bottle Results 
Short-term Study 
During the course of the PE13S and DC15S studies, PAHs and alkanes were measured at the end 
of three, six and nine weeks of treatment to determine the optimum degree of O2 biostimulation to 
promote biodegradation. Total PAHs and the concentration of two groups of example compounds, 
the C1-phenanthrenes and the C1-chrysenes were used as reference compounds to compare the 
effectiveness of treatments. To account for the variability in preparation of the serum bottles 
containing various amounts of oil, the total PAHs, C1-phenanthrene and C1-chrysene data were 
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normalized over the respective concentrations of the control groups that were treated with 
formaldehyde.  
The ratios (C/Ccontrol) of total PAHs, C1-phenanthrene and C1-chrysene presented no 
significant differences in PE13S after three weeks of treatment. The ratios of total PAHs, C1-
phenanthrene and C1-chrysene of PE13S treatments after six and nine weeks are shown in Figure 
3.2. Total PAHs and C1-phenenthrenes of PE13S anaerobic samples were significantly different 
from the three oxygen-amended samples, which were not different from one another after six and 
nine weeks of treatment. The C1-chrysene showed no significant difference among any of the 
treatments over six or nine weeks.  
  
(a)     (b) 
Figure 3.2 C/Ccontrol (%) of Total PAHs (red), C1-Phenanthrene (green) and C1-Chrysene (blue) 
of PE13S after 6 weeks (a) and 9 weeks (b). 
The large variability in the ratios (C/Ccontrol) of total PAHs, C1-phenathrene, and C1-
chrysene prevented a conclusive comparison after three weeks of treatment of DC15S. The ratios 
(C/Ccontrol) of total PAHs, C1-phenanthrene and C1-chrysene of DC13S treatments after six and 
nine weeks are shown in Figure 3.3. There were no statistically significant differences of total 
PAHs, C1-phenanthrene and C1-chrysene. However, the aerobic treatment samples (Level 1-3) 
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had reduced total PAHs and C1-phenthrenes after six weeks and lower total PAHs, C1- 
phenanthrene and C1-chrysene than the aerobic samples after nine weeks. 
 
 (a)    (b) 
Figure 3.3 C/Ccontrol (%) of Total PAHs (red), C1-Phenanthrene (green) and C1-Chrysene (blue) 
of DC15S after 6 weeks (a) and 9 weeks (b). 
Results indicate that oxygen amendments can stimulate biodegradation of recalcitrant 
PAHs in less oily sediments (PE13S) but not in sediments with higher oil concentrations (DC13S). 
A variety of weathering ratios, which are often developed using concentrations of the three-ring 
phenanthrene group with the most recalcitrant group of 4-ring chrysenes. These parameters are 
used to support interpretation of the complex mixture of PAH compounds. For DC15S samples, 
there were substantial visual observations of reductions in oil in the oxygen-amended sample 
groups, even though there were no significant differences in the ratios, contributing to the complex 
nature of biodegradation of these compounds. Furthermore, there were no significant differences 
between the oxygen-amended samples in PE13S or DC15S, preventing a conclusive differentiation 
of the oxygen levels. 
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Long-term Study 
Additional studies were carried out to evaluate PAHs and alkanes at the end of twelve, eighteen 
and thirty weeks of treatment. Similar to the short-term studies, total PAHs, C1-phenanthrenes, 
representative of 3-ring PAHs, and C1-chrysenes, representative of 4-ring PAHs,  were used as 
reference compounds. The total PAHs, C1-phenanthrenes and C1-chrysenes were normalized over 
the respective concentrations of the control groups.  
Ratios (C/Ccontrol) of total PAHs and C1-phenathrene were significantly higher in the 
anaerobic PE13L samples after twelve weeks. However, there were no significant differences in 
C1-chrysene. The ratios of total PAHs, C1-phenanthrene and C1-chrysene of PE13L treatments 
after eighteen and thirty weeks are shown in Figure 3.4. Total PAHs, C1-phenenthrenes and C1-
chrysenes of PE13L anaerobic samples were significantly different from the three oxygen-
amended samples, which were significantly similar after eighteen and thirty weeks of treatment.  
 
(a)   (b) 
Figure 3.4 C/Ccontrol (%)  of Total PAHs (red), C1-Phenanthrene (green) and C1-Chrysene (blue) 
of PE13L after 18 weeks (a) and 30 weeks (b). 
The ratios (C/Ccontrol) of total PAHs, C1-phenanthrene and C1-chrysene presented no 
significant differences in DC15L after twelve weeks of treatment. The ratios of total PAHs, C1-
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phenanthrene and C1-chrysene of DC15L treatments after eighteen and thirty weeks are shown in 
Figure 3.5. Total PAHs, C1-phenenthrenes and C1-chrysenes of DC15L anaerobic samples were 
significantly different from the three oxygen-amended samples, which were significantly similar 
after eighteen weeks of treatment. After 30 weeks, there were no significant differences among the 
treatments. 
 
(a)   (b) 
Figure 3.5 C/Ccontrol (%)  of Total PAHs (red), C1-Phenanthrene (green) and C1-Chrysene (blue) 
of DC15L after 18 weeks (a) and 30 weeks (b). 
Results of the PE13L and DC15L studies support the conclusions of the short term study, 
that oxygen amendments can stimulate biodegradation of recalcitrant PAHs in less oily sediments 
(PE13L) but less effectively in sediments with higher oil concentrations (DC13L). After eighteen 
weeks, the addition of oxygen had significantly reduced the level of PAHs in DC15L groups. 
However, after thirty weeks similar reduction in PAHs were observed across all treatments. For 
DC15L samples, there were substantial visual observations of reductions in oil in the oxygen-
amended sample groups, even where there were no significant differences in the ratios, 
contributing to the complex nature of biodegradation of these compounds. Similarly to the short-
term studies, there were no significant differences between the oxygen-amended samples in PE13L 
or DC15L, preventing a conclusive differentiation of the oxygen levels. 
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The variability of light and heavy alkanes resulted in inconclusive analyses of weathering 
of alkanes in response to the oxygen amendments. PE13S had alkane concentrations of or near 
detection limits during the course of the short- and long-term studies, creating insufficient means 
to evaluate weathering. Throughout the DC15S studies, week 3, 6 and 9, light alkanes tended to 
remain constant, while there were large variability in the heavier alkane compounds, suggesting 
large variability in the preparation of the samples. On the other hand, in the long-term study, the 
light alkane compounds were significantly reduced by the oxygen amendments (Figure 3.6). The 
alkane analyses demonstrated the complex processes of weathering. However, the observations of 
alkane reduction in DC15L weeks 12, 18 and 30 agree that: (1) after 12 weeks there are significant 
changes in crude oil components with oxygen addition; and (2) there were no differentiation 
among the oxygen levels. 
 
Figure 3.6 Light alkanes, (C10-16), g/g soil of DC15L treatments after twelve, eighteen and 
thirty weeks. 
Bacterial Characterization 
Changes in microbial structure were analyzed by the relative abundance of populations calculated 
for PE13L and DC15L serum bottle studies at the end of weeks 12, 18 and 30. Bacterial 
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communities were determined by Illumina MiSeq profiles of PCR-amplified 16S rRNA gene 
fragments. A total of 1,311,233 sequences were found for the week 12 samples which were 
screened for quality and then subsampled to 44,959 sequences. A total of 1,535,176 sequences 
were obtained for the week 18 samples which were screened for quality and then subsampled to 
25,000 sequences. A total of 1,184,057 sequences were obtained for the week 30 samples which 
were screened for quality and then subsampled to 44,969 sequences.  
Although PCR amplification was attempted on all PE13L samples, only samples from 
week 12 amplified adequately for sequence analysis. The bacterial communities and percent 
abundances of PE13S time zero samples and samples after twelve weeks of treatment are shown 
in Figure 3.7. Phylum Bacteroidetes was predominate in the PE13L samples with percent 
abundances ranging from 12 to 17%. Members of Bacteriodetes have been found in heavily oil 
contaminated subtidal environments (Zhang & Lo, 2015). Of the time zero and aerobic samples, 
percent abundance of Marinobacter ranged from 20 to 51%. Members of Marinobacter are known 
halophilic, hydrocarbon degraders (Fathepure, 2014). Marinobacter spp. are metabolically diverse 
and can switch from an aerobic to anaerobic metabolism using nitrate as terminal electron 
acceptors in the absence of oxygen. (Duran, 2010). Marinobacter were highly abundant in MC-
252 contaminated beach sands from Florida assessed after oiling (Kostka et al., 2011). 
Rhodobacteraceae was largely present in the anaerobic and aerobic Levels 1 and 2 with percent 
abundances ranging from 14 to 43%. A study conducted by Kostka et. al (Kostka, et al., 2011) 
found that many members of the family Rhodobacteraceae, namely Sulfitobacter and others, 
dominated oil contaminated beach sands but were not predominant in clean beach sands or fresh 
MC252 oil. Kostka et al. (2011) concluded that Rhodobacteraceae could be indicative of late stages 
of oil degradation when more recalcitrant compounds such as PAHs predominate. The anaerobic 
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and aerobic Level 1 samples had similar microbial structure with Salegentibacter and Spirochaeta 
having percent abundances ranging from 10 to 13% for these genera. Spirochaeta spp. are 
anaerobic and facultative anaerobic and have a wide variety of habitats including freshwater, 
saltwater, and oil fields (Leschine, Paster, & Canale-Parola, 2006). Salegentibacter belongs to the 
family Flavobacteriaceae within phylum Bacteroidetes and characterized by halophilic, strictly 
aerobic (Xia, et al., 2013). Class Clostridiales was predominate in aerobic Levels 2 and 3 with 
percent abundances of 26 and 15%, respectively. Members of Clostridiales have been found to 
increase in the presence of oil in anoxic conditions (Zhang & Lo, 2015); however, in this study, 
members of Clostridiales were more abundant in the oxygen-amended samples. 
 
Figure 3.7 Bacterial community profiles of most abundant genera represented in PE13L samples 
after 12 weeks of treatment.  
 Observed OTUs, ACE estimator and Shannon Indices are shown in Table 3.3. Initial PE13S 
samples had higher OTUs, ACE and Shannon indices than samples after twelve weeks. After 
twelve weeks, OTUs of the oxygen-amended samples were greater than the anaerobic. However, 
the Shannon Index was lower in the oxygen-amended samples.  
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Table 3.3 Number of OTUs, Predicted OTUs (ACE estimator), and Shannon Index for Bacterial 
Communities Obtained from PE13L Samples after 12 Weeks of Treatment 
  Observed OTUs ACE estimator Shannon index 
T0 8894 ± 0 85450 ± 3386 5.96 ± 0.01 
Anaerobic 5166 ± 50 55647 ± 2616 5.19 ± 0.01 
10.0 mg O2 7506 ± 60 115020 ± 6403 5.18 ± 0.01 
17.5 mg O2 6637 ± 53 100791 ± 5468 4.83 ± 0.01 
25.0 mg O2 6658 ± 55 92076 ± 4882 4.85 ± 0.01 
 
The percent abundances of phyla for DC15L microcosm study after twelve, eighteen and 
thirty weeks are presented in Figure 3.8-10. Marinobacter was predominant in the time zero DC15 
sample and all samples after 12 weeks with a percent abundance of 25% for time zero, 19% for 
anaerobic and ranged from 53-56% within the aerobic samples. Bacteroidetes was predominant in 
time zero with a percent abundance of 23% and aerobic samples with percent abundances ranging 
from 10 to 11% at the end of twelve weeks.  
After 18 weeks, Jeotgalibacillus was predominant in the aerobic samples with percent 
abundance ranging from 42 to 61%. Jeotgalibacillus spp. are most frequently isolated from saline 
marine environments (Yaakop, Chan, Gan, & Goh, 2015). Halomonas was predominant in the 20 
mg O2 (Level 1) and 35 mg O2 (Level 2) samples with percent abundances of 11 and 13%. 
Members of Halomonas have been found to degrade aromatic and aliphatic hydrocarbons in 
marine and hypersaline environments (Chronopoulou, et al., 2014). Chronopoulou et. al (2014) 
found six strains of Halomonas that grew on a wide range of hydrocarbons, while metabolizing 
almost all of the alkane components but not the aromatic components, suggesting a preference for 
alkanes when both alkane and PAHs are predominant (Chronopoulou, et al., 2014). 
At the end of 30 weeks, the aerobic samples were predominantly Marinobacter and family 
Rhodobacteracae with percent abundances ranging from 14 to 32 and 14 to 28%, respectively. 
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Idiomarina was predominate in DC15L Level 1 and Level 3 samples with percent abundances of 
36 and 41%, respectively. Idiomarina spp. are heterotrophic aerobes (Pearson, et al., 2008). 
Idiomarina spp have been associated with oil-rich microbial mats and sediments, although the role 
that Idiomarina plays in the degradation of hydrocarbons is not known  (Pearson, et al., 2008). 
 
Figure 3.8 Bacterial community profiles of most abundant genera represented in DC15L samples 
after 12 weeks of treatment. 
 
Figure 3.9 Bacterial community profiles of most abundant genera represented in DC15L samples 
after 18 weeks of treatment. 
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Figure 3.10 Bacterial community profiles of most abundant genera represented in DC15L samples 
after 30 weeks of treatment. 
Observed OTUs, ACE estimator and Shannon Indices of DC15L are shown in Table 3.4. 
The observed OTUs, ACE estimators and Shannon indices were significantly different among the 
different dosages of oxygen at the end of twelve weeks with highest values in each category in the 
35 mg O2 samples. At the end of 18 weeks, the observed OTUs, ACE estimators and Shannon 
indices were significantly different among all treatments. The anaerobic samples had the highest 
observed OTUs and Shannon indices; however, the 35 mg O2 samples continued to have the largest 
ACE estimator. At the end of thirty weeks, observed OTUs, ACE estimator and Shannon indices 
were greatest among the 50 mg O2 samples. Observed OTUs and ACE estimators were 
significantly different across all treatments at the end of thirty weeks. Shannon indices were 
significantly similar only for the 20 and 35 mg O2 samples after 30 weeks.  The observed OTUs, 
ACE estimators and Shannon indices of the anaerobic and aerobic samples were each significantly 
different at the end of twelve, eighteen and thirty weeks.  
 
0
20
40
60
80
100
P
er
ce
n
t 
A
b
u
n
d
an
ce
 (
%
)
Alcanivorax
Bacteroidetes
Firmicutes
Halomonas
Idiomarina
Marinobacter
Methylophaga
Rhodobacteraceae
unclassified
Other
56 
Table 3.4 Number of OTUs, Predicted OTUs (ACE estimator), and Shannon Index for Bacterial 
Communities Obtained from Microcosm-DC15 Samples after 12, 18 and 30 Weeks of Treatment 
  Observed OTUs ACE estimator Shannon index 
  Week 12a 
Anaerobic NA NA NA 
20 mg O2 5539 ± 43 73559 ± 4045 3.73 ± 0.01 
35 mg O2 5618 ± 39 72742 ± 3816 3.82 ± 0.01 
50 mg O2 4748 ± 37 50871 ± 2783 3.60 ± 0.01 
  Week 18b 
Anaerobic 492 ± 17 3342 ± 512 1.55 ± 0.01 
20 mg O2 329 ± 15 4176 ± 962 1.06 ± 0.01 
35 mg O2 290 ± 14 2901 ± 700 0.63 ± 0.01 
50 mg O2 NA NA NA 
   Week 30c   
Anaerobic 7565 ± 580 1550 ± 27 1.70 ± 0.01 
20 mg O2 9385 ± 1192 876 ± 23 1.85 ± 0.01 
35 mg O2 11763 ± 1306 1252 ± 26 1.84 ± 0.01 
50 mg O2 14295 ± 1323 1599 ± 29 2.26 ± 0.01 
a Subsample number of sequences 44,959, b Subsample number of sequences 25,000, c Subsample 
number of sequences 44,696 
 
Nutrients and Electron Acceptors 
The concentrations of DO, ammonia, orthophosphate and sulfate of PE13S at the end of nine weeks 
of treatment are shown in Table 3.5. Observations of DO at the end of nine weeks suggested that 
the anaerobic bottles remained anaerobic and there were significant dfferences among the three 
varying dosages. None of the aerobic bottles were near saturation. Ammonia and orthophosphate 
in the anaerobic samples were similar to background concentration while ammonia and 
orthophosphate in the aerobic bottles averaged around 2.2 and 0.3 mg/L, respectively. The 
observed reduction in orthophosphate further demonstrates that the delivery of oxygen was 
effective. While in anoxic conditions, phosphate is in soluble form, but binds to iron after the 
addition of oxygen.  Sulfate in the aerobic bottles averaged 1200 mg/L, which is slightly less than 
background concentrations of 2000-3000 mg/L suggesting some sulfate reduction. Anaerobic 
bottles showed significant reduction of sulfate with an average of 470 mg/L. Among the three 
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different oxygenated treatments, there were no significant differences in ammonia, orthophosphate 
or sulfate.  
Table 3.5 Nutrient and Electron Acceptors analysis of PE13S after 9 weeks. 
 DO (mg/L) NH
3
-N (mg/L) Ortho-P (mg/L) SO
4
 (mg/L) 
Anaerobic << 0.02 17 ± 0.6 1.9 ± 0.28 470 ± 12 
10.0 mg O2 1.4 ± 0.06 2.2 ± 0.38 0.32 ± 0.04 1200 ± 32 
17.5 mg O2 5.0 ± 0.50 2.2 ± 0.39 0.32 ± 0.04 1200 ± 3.9 
20.0 mg O2 7.2 ± 0.38 2.3 ± 1.21 0.30 ± 0.01 1300 ± 37 
 
Nutrient and electron acceptors in DC15S bottles after nine weeks are shown in Table 3.6. 
DO was significantly different across the three oxygenated treatments. There were no significant 
differences of ammonia. Orthophosphate in the anaerobic DC15S bottles were significantly 
different from the aerobic bottles. Sulfate concentrations were significantly different throughout 
all of the treatments, with the highest concentration of sulfate found in the bottles with the largest 
dosage.  
Table 3.6 Nutrient and Electron Acceptors analysis of DC15S after 9 weeks. 
 DO (mg/L) NH
3
-N (mg/L) Ortho-P (mg/L) SO
4
 (mg/L) 
Anaerobic << 0.02 3.2 ± 0.76 4.5 ± 0.19 73 ± 2.9 
20.0 mg O2 0.79 ± 0.05 4.4 ± 0.56 0.16 ± 0.02 1400 ± 51 
35.0 mg O2 2.9 ± 0.17 3.8 ± 0.16 0.15 ± 0.02 2600 ± 51 
50.0 mg O2 5.5 ± 0.54 4.7 ± 1.0 0.21 ± 0.02 3100 ± 100 
 
 The concentrations of DO, ammonia, orthophosphate and sulfate of PE13L at the end of thirty 
weeks of treatment are shown in Table 3.7. DO concentrations were significantly different 
throughout all samples. Ammonia, orthophosphate and sulfate were significantly similar in aerobic 
bottles. 
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Table 3.7 Nutrient and Electron Acceptors analysis of PE13L after 30 weeks. 
 DO (mg/L) NH
3
-N (mg/L) Ortho-P (mg/L) SO
4
 (mg/L) 
Anaerobic << 0.02 13 ± 5.0 4.8 ± 0.85 400 ± 74 
10.0 mg O2 11 ± 0.60 1.8 ± 0.23 1.5 ± 0.03 840 ± 27 
17.5 mg O2 18 ± 0.76 0.59 ± 0.27 1.1 ± 0.06 790 ± 11 
20.0 mg O2 20 ± 3.2 0.41 ± 0.20 1.3 ± 0.34 740 ± 54 
 
 Concentrations of nutrients and electron acceptors of DC15L bottles after thirty weeks are shown 
in Table 3.8 Nutrient and Electron Acceptors analysis of DC15L after 30 weeks.. The DC15 
aerobic bottles had ammonia concentrations below detection (<<0.02 mg/L), and the anaerobic 
bottles had sulfate concentrations below detection (<<10 mg/L). DO and sulfate concentrations in 
the aerobic bottles suggested periodic anaerobic processes, which was likely due to intervals 
between dosing.  
Table 3.8 Nutrient and Electron Acceptors analysis of DC15L after 30 weeks. 
 DO (mg/L) NH
3
-N (mg/L) Ortho-P (mg/L) SO
4
 (mg/L) 
Anaerobic << 0.02 6.7 ± 1.5 13 ± 2.3 << 10 
20.0 mg O2 5.4 ± 0.58 << 0.02 2.1 ± 0.9 540 ± 47 
35.0mg O2 15.3 ± 2.3 << 0.02 0.32 ± 0.14 880 ± 68 
50.0 mg O2 22 ± 1.5 << 0.02 0.52 ± 0.17 1100 ± 68 
 
The nitrate concentrations in the aerobic bottles showed that most of the nitrogen was in the form 
of nitrate. Nitrate in the PE13L aerobic bottles ranged from 2 to 7 mg/L and 3 to 4 mg/L in the 
DC15L aerobic bottles. 
3.3.2 Oxygen Equilibrium Reduction 
All bottles had oxygen levels below detection (<0.02 mg/L) during and after preparation of 
materials and groundwater. The average DO after two weeks of aeration was 5.2 ± 0.2 mg/L O2 
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for PE13 bottles, and 3.2 ± 0.4 mg/L O2 for DC bottles. Considering air is 20.95% oxygen, the 
concentration of DO with a supply of pure oxygen was determined to be 24.7 ± 0.8 mg/L and 15.3 
± 2.0 mg/L of PE13 bottles and DC15 bottles, respectively. Previously, it was determined that the 
saturation of this groundwater was 5.5 mg/L using air and 26.7 mg/L with pure oxygen. As a result, 
it was determined that approximately 1.98 ± 0.84 mg/L DO in the PE13 and 11.4 ± 2.0 mg/L DO 
in the DC15 bottles was depleted due to the slurry with a constant pure oxygen source over two 
weeks.  
These observations are very similar to the DO observed in the injection wells during the air 
and oxygen treatment phases alike. While supplied with pure oxygen, DO concentrations in the 
field ranged from 10 to 25 mg/L suggesting the in situ oxygen demand is nearly within the range 
of PE13 and DC15 samples (24.7 ± 0.8 and 15.3 ± 2.0 mg/L). 
3.4 Conclusions 
Results indicate that oxygen amendments can stimulate biodegradation of recalcitrant 
PAHs more effectively in less oily sediments than in sediments with higher oil concentrations. 
More time is required to observe significant reduction in PAHs and alkanes in the sediments with 
higher oil concentrations. Large variability of the weathering analyses further demonstrated the 
complexity of the processes taking place. For the heavily contaminated soils, there were substantial 
visual observations of reductions in oil in the oxygen-amended sample groups, even though there 
were no significant differences in the ratios. Furthermore, there were no significant differences of 
weathering and nutrient concentrations among the oxygen-amended samples, preventing a 
conclusive differentiation of the oxygen levels. Therefore, the minimum oxygen-amendments in 
this study were sufficient in shifting the microbial population to a more effectual hydrocarbon 
degrading structure.   
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4.0 SUMMARY AND OUTLOOK 
4.1 Experimental Findings and Implications 
Understanding the oil-degrading microbial communities responsible for natural or induced 
recovery is necessary in management of cleanup of oil-contaminated beach ecosystems. The 
objectives of this study was to assess the potential biodegradation of buried MC252 oil in response 
to in situ aerobic biostimulation in a hypersaline, anoxic beach environment. A field trial of aerobic 
bioremediation was conducted at Fourchon, LA where biodegradation of polycyclic aromatic 
hydrocarbons (PAHs) and alkanes was monitored. Subsurface samples were analyzed for 
weathering of PAH and alkane compounds before and after installation of the in situ aerobic 
bioremediation system. Further evidence of biodegradation was also observed through 
investigation of hydrocarbon mineralization by stable isotope analysis, 13C, and percent abundance 
of radiocarbon, 14C. Next-generation sequencing of genomic DNA was done to examine the 
response in microbial structure in situ as a result of aerobic efforts. 
The findings throughout this study indicated that weathering of PAHs and alkane in buried 
crude oil was enhanced as a result of the addition of oxygen to the subsurface. The multi-well 
injection system provided sufficient oxygen concentration in the groundwater, resulting in a shift 
in the composition of the diverse, halophilic, hydrocarbon degrading microbial population present 
in Breach 1. Stable isotopic and radiocarbon evidence of dissolved inorganic carbon originating 
from crude oil through mineralization also presented evidence of increased biodegradation post-
aeration in even in areas that had the highest level of contamination. Weathering ratios for 3-ring 
PAHs were reduced post-aeration, indicating increased rates of degradation of phenanthrenes and 
dibenzothiophenes.  
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The second objective of this study was to determine an optimum level of aerobic 
biostimulation to promote biodegradation of buried MC252 oil in a hypersaline, anoxic beach 
environment. Serum bottle studies were conducted to analyze biodegradation of PAHs and alkanes 
as a response to adding varying levels of O2 over time. Next-generation sequencing of genomic 
DNA was done to examine the response in microbial structure. Nutrient and electron acceptors 
were monitored throughout the serum bottle studies to better understand the aerobic and anaerobic 
metabolic processes. 
Known aerobic and anaerobic hydrocarbon degraders were present throughout these 
studies. Weathering analyses indicated that oxygen amendments can stimulate biodegradation of 
recalcitrant PAHs more effectively in less oily sediments than in sediments with higher oil 
concentrations. Higher oil concentrations require more time to yield significant reduction in PAHs 
and alkanes. There were no significant differences of hydrocarbon weathering and nutrient 
concentrations among the oxygen-amended samples, preventing a conclusive differentiation of the 
oxygen levels. Therefore, the minimum oxygen-amendments in this study were sufficient in 
shifting the microbial population to a more effectual hydrocarbon degrading structure.  
4.2 Future Research 
Oil contamination of beach ecosystems will continue to have severe environmental and economic 
consequences in the Gulf region (Kostka, et al., 2011), and understanding the oil-degrading 
microbial communities responsible for natural or induced recovery is necessary in management of 
cleanup of oil-contaminated beach ecosystems. Development of effective methods for O2 delivery 
is necessary to promote biostimulation of buried crude oil as a remedial approach. Further 
investigations of the microbial response to minimum oxygen levels is necessary to develop 
sustainable, aerobic enhanced bioremediation in remote locations. 
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APPENDICES 
Appendix A: Photographs 
  
Figure A-1. Sampling oil from tubing (left) and drill cuttings (right). 
  
Figure A-2. Oil sheens in groundwater. 
 
  
Figure A-3. Installation of injection wells. 
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Figure A-4. 7/10/15 Installation of Waterloo EmittersTM. 
  
Figure A-5. 8/3/15 Installation of oxygen gas cylinders in series and storage. 
   
Figure A-6. 8/3/15 Solinst Levelogger®, Barologger, Biofoul Screen, Software and USB. 
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Figure A-7. Groundwater sampling (left) and well developing (right). 
  
Figure A-8. 9/30/16 Post-aeration sampling by direct push geoprobe coring.  
  
Figure A-9. 13C sampling. 
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Figure A-10. Oxygen solubility and demand tests. 
 
 
 
Figure A-11. DC15S bottles before (top) and after (bottom) 3 weeks of treatment. Control (A’s), 
anaerobic (B’s), 20 mg O2 (C’s), 35 mg O2 (D’s) and 50 mg O2 (E’s). 
  
Figure A-12. PE13S before (left) and PE13L bottles after 12 weeks of treatment (right). Control 
(A’s), anaerobic (B’s), 10 mg O2 (C’s), 17.5 mg O2 (D’s) and 25 mg O2 (E’s). 
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Figure A-13. DC15L after 18 weeks. Control (B2.21), 20 mg O2 (C1.21) and 30 mg O2 (D1.21). 
 
Figure A-14. DC15L after 30 weeks. Control (A1.28), anaerobic (B1.28), 20 mg O2 (C1.28), 35 
mg O2 (D1.28) and 50 mg O2 (E1.28). 
    
Figure A-15. PE13L anaerobic (left) and aerobic (right) bottles after 30 weeks.  
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Appendix B: Polycyclic Aromatic Hydrocarbon (PAH) data 
 
Figure C-1. Weathering ratios of field pre- and post-aeration. 
Pre-aration FP FD Post-Areation FP FD
1091501 0.9533 0.7941 9301501 0.5714 0.5161
1091502 0.965 0.7849 9301502 0.8655 0.6774
1091503 0.9671 0.7831 9301503 0.6429 0.5946
1091504 0.9028 0.5 9301504 0.8254 0.5909
1091505 0.9625 0.7954 9301505 0.6604 0.5263
1091506 0.9676 0.81 9301506 0.8313 0.6558
1091509 0.9614 0.7921 9301507 0.8444 0.66
1091510 0.9444 0.6053 9301508 0.625 0.5455
1161501 0.9636 0.8083 9301509 0.76 0.5714
1161502 0.9572 0.7844 9301510 0.8501 0.6429
1161503 0.9661 0.814 9301511 0.8745 0.6405
1161504 0.9677 0.7989 9301512 0.8661 0.6667
1161505 0.8515 0.7222 9301513 0.6667 0.6154
1161506 0.9618 0.7748 9301514 0.8469 0.7619
1161507 0.9301 0.6835 9301515 0.8706 0.661
1161508 0.959 0.7656 9301516 0.9268 0.7581
1161509 0.9509 0.7903 9301517 0.8649 0.6063
1161510 0.912 0.6724 9301518 0.8391 0.6462
1161511 0.9384 0.7071 9301519 0.7868 0.5126
1161512 0.9126 0.6206 9301520 0.7073 0.8333
1161513 0.8709 0.5463 9301521 0.9067 0.7045
1161514 0.9066 0.5943 9301522 0.7368 0.5946
1161515 0.8251 0.5619 9301523 0.7838 0.6923
1161516 0.8738 0.5409 9301524 0.622 0.6051
6101501 0.8574 0.6386 9301525 0.7419 0.7895
6101502 0.8842 0.5894 9301526 0.7957 0.6403
6101503 0.8597 0.6091 9301527 0.8295 0.7059
6101504 0.8925 0.5949 9301528 0.7059 0.6154
6101505 0.8688 0.5684 9301529 0.5946 0.7761
6101506 0.9096 0.638 9301530 0.7059 0.5946
6101507 0.8921 0.6128 9301531 0.7778 0.6667
6101508 0.8752 0.6092 9301532 0.5714 0.6667
6101509 0.8476 0.5676 9301533 0.9043 0.4737
6101510 0.8734 0.6284 9301534 0.9144 0.6924
6101511 0.9003 0.62 9301535 0.7414 0.5
6101512 0.9164 0.6751 9301536 0.5833 0.5
6101513 0.858 0.5474 9301537 0.5714 0.5
6101514 0.8885 0.628 9301538 0.5714 0.5
6101515 0.8684 0.5407 9301539 0.5714 0.5
6101516 0.8834 0.5971 9301540 0.6875 0.5
6101517 0.8025 0.5679 9301541 0.5714 0.5
6101518 0.887 0.6172 9301542 0.5714 0.5
6101519 0.9448 0.7959 9301543 0.6727 0.4545
6101520 0.8941 0.6386 9301544 0.5714 0.5
9301545 0.5313 0.5946
9301546 0.8438 0.6475
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Figure C-2. Ratios (C/Ccontrol) of total PAHs, C1-phenanthrene and C1-chrysene during serum 
bottle studies.  
Tot PAH st err C1-phen st err C1-chry st err Tot PAH st err C1-phen st err C1-chry st err
Anaerobic 1.16 0.10 1.53 0.31 0.71 0.11 Anaerobic 1.40 0.30 1.40 0.30 1.98 0.66
10 mg O2 0.95 0.21 0.99 0.21 0.66 0.27 20 mg O2 1.40 0.26 1.31 0.21 2.45 1.05
17.5 mg O2 0.92 0.19 0.59 0.28 0.52 0.11 35 mg O2 0.65 0.02 0.61 0.03 0.73 0.08
25 mg O2 0.98 0.04 0.65 0.07 0.65 0.03 50 mg O2 1.40 0.72 1.29 0.68 3.33 1.68
Anaerobic 1.06 0.02 1.08 0.11 1.42 0.11 Anaerobic 1.45 0.14 1.45 0.21 1.32 0.25
10 mg O2 0.50 0.01 0.17 0.03 1.07 0.10 20 mg O2 1.05 0.13 1.06 0.11 1.40 0.40
17.5 mg O2 0.51 0.13 0.27 0.16 1.25 0.39 35 mg O2 0.92 0.11 0.92 0.11 1.34 0.34
25 mg O2 0.32 0.01 0.06 0.02 0.75 0.10 50 mg O2 0.79 0.61 0.79 0.41 1.55 0.52
Anaerobic 1.05 0.16 1.10 0.06 1.14 0.25 Anaerobic 1.21 0.38 1.29 0.33 1.00 0.50
10 mg O2 0.33 0.05 0.16 0.03 0.77 0.19 20 mg O2 0.78 0.29 0.87 0.26 0.68 0.31
17.5 mg O2 0.42 0.10 0.19 0.09 1.00 0.22 35 mg O2 0.57 0.31 0.61 0.30 0.52 0.35
25 mg O2 0.32 0.03 0.25 0.02 0.78 0.04 50 mg O2 0.64 0.24 0.69 0.21 0.57 0.25
Anaerobic 0.96 0.15 1.35 0.20 1.14 0.26 Anaerobic 0.95 0.60 0.99 0.62 1.01 0.62
10 mg O2 0.38 0.05 0.29 0.05 0.82 0.18 20 mg O2 0.89 0.24 0.90 0.27 1.19 0.32
17.5 mg O2 0.20 0.02 0.16 0.01 0.54 0.17 35 mg O2 2.22 0.39 2.36 0.47 3.00 0.73
25 mg O2 0.28 0.06 0.20 0.04 0.72 0.07 50 mg O2 2.12 0.31 2.28 0.33 3.54 0.21
Anaerobic 0.81 0.09 0.95 0.10 1.10 0.09 Anaerobic 1.82 0.17 1.56 0.17 1.81 0.20
10 mg O2 0.22 0.03 0.16 0.01 0.59 0.06 20 mg O2 0.69 0.07 0.59 0.06 0.70 0.12
17.5 mg O2 0.25 0.03 0.15 0.02 0.70 0.13 35 mg O2 0.75 0.13 0.68 0.09 0.81 0.14
25 mg O2 0.20 0.01 0.10 0.01 0.65 0.06 50 mg O2 0.82 0.10 0.78 0.09 1.01 0.19
Anaerobic 0.63 0.07 1.07 0.06 0.37 0.06 Anaerobic 0.72 0.10 0.75 0.11 0.63 0.07
10 mg O2 0.12 0.06 0.13 0.09 0.09 0.05 20 mg O2 0.40 0.20 0.36 0.18 0.34 0.17
17.5 mg O2 0.19 0.11 0.34 0.18 0.16 0.10 35 mg O2 0.38 0.19 0.34 0.17 0.43 0.22
25 mg O2 0.16 0.09 0.13 0.11 0.04 0.03 50 mg O2 0.51 0.26 0.48 0.24 0.63 0.32
DC15L-wk 12PE13L-wk 12
PE13L-wk 18
PE13L-wk 30 DC15L-wk 30
DC15L-wk 18
PE13S-wk 3 DC15S-wk 3
PE13S-wk 6
PE13S-wk 9
DC15S-wk 9
DC15S-wk 9
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Appendix C: Oxygen Tests 
Table C-1. Field Treatment Monitoring. 
 
 
Figure C-2. Air solubility tests.  
Table C-2. Oxygen demand on slurries tests using air. 
 
  
IW No. 1/26/15 1/30/15 8/10/15 8/18/15 9/17/15 9/30/15 10/30/15 12/16/15 4/27/16
A1 <<0.02 0.39 9.00 7.25 11.59 22.7 24.3 24.37
A2 <<0.02
A3 <<0.02 0.80 0.16 0.36 0.43 9.00 19.03 2.15
A4 <<0.02
B1 <<0.02 0.14 11.66
B2 <<0.02 0.80 4.95 2.91 1.33 14.4 18.97 39.22
B3 <<0.02 0.49 2.60 0.37 0.30 1.74 17.83
B4 <<0.02
C1 <<0.02
C2 <<0.02 0.27 6.69 0.22 14.53 6.16 12.43
C3 <<0.02 <<0.02 3.28 1.74 9.52 25.96 16.63 14.47
C4
a 7/20/25-9/30/15
b10/1/15-
Pretreatment  Air Treatment Phase
a
O2 Treatment Phase
b
t1 t2 t3 ave stdev t1 t2 t3 ave stdev
PE-A1 6.2 5.5 4.7 5.5 0.4 DC-A1 3.9 4.9 2.3 3.7 0.8
PE-A2 5.4 5.5 4.9 5.3 0.2 DC-A2 2.1 4.2 1.1 2.5 0.9
PE-A3 5.1 4.6 4.8 4.8 0.1 DC-A3 2.3 3.8 4.2 3.4 0.6
ave 5.6 5.2 4.8 ave 2.8 4.3 2.5
stdev 0.3 0.3 0.1 stdev 0.6 0.3 0.9
5.2 0.2 3.2 0.4
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Appendix D: Carbon Mineralization  
 
Louisiana State University School of the  Coast and Environment
Wetland Biogeochemistry Analytical Services
3196 Energy Coast and Enviroment Building
 http://www.oceanography.lsu.edu/index.php/research/wetland-biogeochemistry-group/
Date: 1/15/2016
Analyst: Thomas Blanchard
Phone: (225) 578-9370 # Samples Analyzed:   40
Email: tblanc9@lsu.edu
Weighed by:  WBAS
 Name  Weight %Element Micro g Delta PDB Atom%
C 13C 13C
Breach 1 Carbon 7/14/2014
5 15.35 1.75 268.5 -18.10 1.091
6 11.38 1.6 182.1 -20.32 1.089
8 4.169 1.92 80.05 -24.67 1.084
9 3.529 1.202 42.44 -27.25 1.081
11 4.525 2.067 93.52 -27.31 1.081
12 5.866 1.105 64.82 -28.75 1.080
13 8.160 1.103 90.04 -27.04 1.082
Breach 1 Fourchon 6/19/2014 Numbers written in Red
5R 15.11 0.89 134.5 -11.90 1.098
8R 2.818 4.401 124 -18.85 1.091
9R 10.38 1.722 178.7 -19.09 1.090
11R 15.13 1.182 178.8 -19.15 1.090
12R 15.20 1.13 171.8 -24.86 1.084
13R 15.02 1.559 234.1 -24.88 1.084
Breach 1 Fourchon 6/19/2014 Numbers written in Black
5B 15.07 1.427 215 -13.07 1.097
6B 15.00 0.4262 63.92 -15.63 1.094
8B 15.09 2.417 364.8 -16.36 1.093
9B 13.57 0.4887 66.3 -17.34 1.092
11B 15.01 3.856 578.7 -18.05 1.091
13B 15.16 0.7049 106.9 -13.17 1.097
Client:  Dr. John Pardue
Sample Type:  Carbonate solids
IMRS-16-002
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10/8/2014  All in the same container and all numbers in  green.
5 14.95 0.4003 59.85 -14.82 1.095
6 15.05 0.433 65.16 -12.13 1.098
7 14.90 0.3607 53.74 -14.65 1.095
8 5.634 1.154 65 -15.98 1.094
11 15.00 0.4803 72.02 -14.77 1.095
13 5.414 1.735 93.92 -17.73 1.092
14 15.20 8.288 1260 -24.40 1.084
5 14.91 0.1356 20.21 -18.57 1.091
6 15.26 0.2173 33.16 -15.20 1.095
7 14.38 0.4719 67.85 -16.96 1.093
8 4.570 0.7698 35.18 -17.46 1.092
13 7.559 0.4675 35.34 -17.35 1.092
14 5.233 0.7861 41.14 -21.67 1.087
6/10/2015 MW 5,6,11,14
5 15.31 0.419 64.15 -13.76 1.096
5 15.43 0.3388 52.29 -11.80 1.098
6 15.31 0.5256 80.44 -16.79 1.093
6 15.12 0.4037 61.05 -15.41 1.094
11 15.06 0.527 79.36 -14.13 1.096
11 14.50 0.4119 59.72 -13.80 1.096
14 15.03 0.4789 71.97 -16.27 1.093
14 15.06 0.3856 58.08 -17.35 1.092
Certified reference values
Mar-15
Standard: Wheat Flour (2015)
Sercon Batch #:  114858
Isotope Delta (‰) ± (‰) %Element
13C (v-PDB) -26.43 0.13 40.2
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Sample Calculations: 
Ro+Ri=Rt             Eq. D-1 
where  Ro= rate of CO2 production from oil indigenous organic carbon  
 Ri= rate of CO2 production from indigenous organic carbon 
 Rt= total CO2 production rate 
 
Ro
Rt
+
Ri
Rt
=1 Eq. D-2 
Ro
Rt
(So)+
Ri
Rt
(Si)=St Eq. D-3 
where  So= assumed signature of MC252 oil 
Si= assumed signature of unoiled reference material 
St= measured signature of sample 
 
After rearranging and solving for Ro, 
Ro=
(St-Si)
(So-Si)
Rt Eq. D-4 
Ri=Rt-Ro Eq. D-5 
Rt is calculated as the weight in mg CO2-C which is given divided by the volume of 
groundwater sampled to get units of mg CO2-C/mL. St is the signature measured, and So and Si are 
assumed values of -27 (Natter et. al, 2012) and -14.5. 
Table D-1. Example Calculation Results for 1” Well 8. 
 
mg CO2-C St So Si
Rt 
(mg CO2-C/mL)
Ro 
(mg CO2-C/mL)
Ri 
(mg CO2-C/mL) Ro/Rt*100 Ri/Rt*100
365 -16.4 -27 -14.5 3.648 0.544 3.104 15 85
124 -18.9 -27 -14.5 1.240 0.432 0.808 35 65
65 -16.0 -27 -14.5 0.650 0.077 0.573 12 88
35 -17.5 -27 -14.5 0.352 0.083 0.268 24 76
average -17.2 1.5 0.3 1.2 21.3 78.7
error 0.6 0.7 0.1 0.6 5.2 5.2
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Appendix E: Microbial Data 
Table E-1. DNA Samples Log. 
 
 
n SAMPLE ID DATE SAMPLED LOCATION DESCRIPTION NOTES
1 1091501 1/9/2015 Breach 1 IW A1 -4' IW (injection well) Drill cuttings
2 1091502 1/9/2015 Breach 1 IW A1 -8' IW (injection well) Drill cuttings
3 1091503 1/9/2015 Breach 1 IW A2 -8' IW (injection well) Drill cuttings
4 1091504 1/9/2015 Breach 1 IW A3 -3' IW (injection well) Drill cuttings
5 1091505 1/9/2015 Breach 1 IW A3 -4' IW (injection well) Drill cuttings
6 1091506 1/9/2015 Breach 1 IW A3 -8' IW (injection well) Drill cuttings
7 1091509 1/9/2015 Breach 1 IW A4 -3ft IW (injection well) Drill cuttings
8 1091510 1/9/2015 Breach 1 IW A4 -7ft IW (injection well) Drill cuttings
9 1161501 1/16/2015 Breach 1 IW B1 0-5' IW (injection well) Drill cuttings
10 1161502 1/16/2015 Breach 1 IW B1 5-10' IW (injection well) Drill cuttings
11 1161503 1/16/2015 Breach 1 IW B2 0-5' IW (injection well) Drill cuttings
12 1161504 1/16/2015 Breach 1 IW B2 5-10' IW (injection well) Drill cuttings
13 1161505 1/16/2015 Breach 1 IW B3 0-5' IW (injection well) Drill cuttings
14 1161506 1/16/2015 Breach 1 IW B3 5-10' IW (injection well) Drill cuttings
15 1161507 1/16/2015 Breach 1 IW B4 0-5' IW (injection well) Drill cuttings
16 1161508 1/16/2015 Breach 1 IW B4 5-10' IW (injection well) Drill cuttings
17 1161509 1/16/2015 Breach 1 IW C1 0-5' IW (injection well) Drill cuttings
18 1161510 1/16/2015 Breach 1 IW C1 5-10' IW (injection well) Drill cuttings
19 1161511 1/16/2015 Breach 1 IW C2 0-5' IW (injection well) Drill cuttings
20 1161512 1/16/2015 Breach 1 IW C2 5-10' IW (injection well) Drill cuttings
21 1161513 1/16/2015 Breach 1 IW C3 0-5' IW (injection well) Drill cuttings
22 1161514 1/16/2015 Breach 1 IW C3 5-10' IW (injection well) Drill cuttings
23 1161515 1/16/2015 Breach 1 IW C4 0-5' IW (injection well) Drill cuttings
24 1161516 1/16/2015 Breach 1 IW C4 5-10' IW (injection well) Drill cuttings
25 6101501 6/10/2015 Breach 1 MW1 0-5' MW (Monitoring well) Drill cuttings
26 6101502 6/10/2015 Breach 1 MW1 5-10' MW (Monitoring well) Drill cuttings
27 6101503 6/10/2015 Breach 1 MW2 0-5' MW (Monitoring well) Drill cuttings
28 6101504 6/10/2015 Breach 1 MW2 5-10' MW (Monitoring well) Drill cuttings
29 6101505 6/10/2015 Breach 1 MW3 0-5' MW (Monitoring well) Drill cuttings
30 6101506 6/10/2015 Breach 1 MW3 5-10' MW (Monitoring well) Drill cuttings
31 6101507 6/10/2015 Breach 1 MW4 0-5' MW (Monitoring well) Drill cuttings
32 6101508 6/10/2015 Breach 1 MW4 5-10' MW (Monitoring well) Drill cuttings
33 6101509 6/10/2015 Breach 1 MW5 0-5' MW (Monitoring well) Drill cuttings
34 6101510 6/10/2015 Breach 1 MW5 5-10' MW (Monitoring well) Drill cuttings
35 6101511 6/10/2015 Breach 1 MW6 0-5' MW (Monitoring well) Drill cuttings
36 6101512 6/10/2015 Breach 1 MW6 5-10' MW (Monitoring well) Drill cuttings
37 6101513 6/10/2015 Breach 1 MW7 0-5' MW (Monitoring well) Drill cuttings
38 6101514 6/10/2015 Breach 1 MW7 5-10' MW (Monitoring well) Drill cuttings
39 6101515 6/10/2015 Breach 1 MW8 0-5' MW (Monitoring well) Drill cuttings
40 6101516 6/10/2015 Breach 1 MW8 5-10' MW (Monitoring well) Drill cuttings
41 6101517 6/10/2015 Breach 1 MW9 0-5' MW (Monitoring well) Drill cuttings
42 6101518 6/10/2015 Breach 1 MW9 5-10' MW (Monitoring well) Drill cuttings
43 6101519 6/10/2015 Breach 1 MW10 0-5' MW (Monitoring well) Drill cuttings
44 6101520 6/10/2015 Breach 1 MW10 5-10' MW (Monitoring well) Drill cuttings
45 PE-T0 12/2013 Breach 1 Time zero-Post Exc. Mat. 2013 2013 pad screening excation aprox. 2' deep
46 A12o 9/7/2015 Breach 1 MC Study- week 12 2015 Drill Cuttings (1 g from individual bottle A3)
47 B12o 9/7/2015 Breach 1 MC Study- week 12 2015 Drill Cuttings (0.5 g from triplicate bottles combined)
48 C12o 9/7/2015 Breach 1 MC Study- week 12 2015 Drill Cuttings (1 g from individual bottle C2)
49 D12o 9/7/2015 Breach 1 MC Study- week 12 2015 Drill Cuttings (0.5 g from triplicate bottles combined)
50 E12o 9/7/2015 Breach 1 MC Study- week 12 2015 Drill Cuttings (0.5 g from triplicate bottles combined)
51 A12b 9/7/2015 Breach 1 MC Study- week 12 2013 Post excavation (0.5 g from triplicate bottles combined)
52 B12b 9/7/2015 Breach 1 MC Study- week 12 2013 Post excavation (0.5 g from triplicate bottles combined)
53 C12b 9/7/2015 Breach 1 MC Study- week 12 2013 Post excavation (0.5 g from triplicate bottles combined)
54 D12b 9/8/2015 Breach 1 MC Study- week 12 2013 Post excavation (0.5 g from triplicate bottles combined)
55 E12b 9/8/2015 Breach 1 MC Study- week 12 2013 Post excavation (0.5 g from triplicate bottles combined)
56 9301501 9/30/2015 Breach 1 A1-A: 9-13" CORES
57 9301502 9/30/2015 Breach 1 A1-A: 33-37" CORES
58 9301503 9/30/2015 Breach 1 A1-A: 55-57" CORES
59 9301504 9/30/2015 Breach 1 A1-A: 77-81" CORES
60 9301505 9/30/2015 Breach 1 A1-B: 9-13" CORES
61 9301506 9/30/2015 Breach 1 A1-B: 33-37" CORES
62 9301507 9/30/2015 Breach 1 A1-B: 55-57" CORES
63 9301508 9/30/2015 Breach 1 A1-B: 77-81" CORES
64 9301509 9/30/2015 Breach 1 A1-C: 9-13" CORES
65 9301510 9/30/2015 Breach 1 A1-C: 33-37" CORES
66 9301511 9/30/2015 Breach 1 A1-C: 55-57" CORES
67 9301512 9/30/2015 Breach 1 A1-C: 77-81" CORES
68 9301513 9/30/2015 Breach 1 B2-A: 9-13" CORES
69 9301514 9/30/2015 Breach 1 B2-A: 33-37" CORES
70 9301515 9/30/2015 Breach 1 B2-A: 55-57" CORES
71 9301516 9/30/2015 Breach 1 B2-A: 77-81" CORES
72 9301517 9/30/2015 Breach 1 B2-B: 9-13" CORES
73 9301518 9/30/2015 Breach 1 B2-B: 33-37" CORES
74 9301519 9/30/2015 Breach 1 B2-C: 9-13" CORES
75 9301520 9/30/2015 Breach 1 B2-C: 33-37" CORES
76 9301521 9/30/2015 Breach 1 B2-C: 55-57" CORES
77 9301522 9/30/2015 Breach 1 B2-C: 77-81" CORES
78 9301523 9/30/2015 Breach 1 B3-A: 9-13" CORES
79 9301524 9/30/2015 Breach 1 B3-A: 33-37" CORES
80 9301525 9/30/2015 Breach 1 B3-A: 55-57" CORES
81 9301526 9/30/2015 Breach 1 B3-A: 77-81" CORES
82 9301527 9/30/2015 Breach 1 B3-B: 9-13" CORES
83 9301528 9/30/2015 Breach 1 B3-B: 33-37" CORES
84 9301529 9/30/2015 Breach 1 B3-B: 55-57" CORES
85 9301530 9/30/2015 Breach 1 B3-B: 77-81" CORES
86 9301531 9/30/2015 Breach 1 B3-C: 9-13" CORES
87 9301532 9/30/2015 Breach 1 B3-C: 33-37" CORES
88 9301533 9/30/2015 Breach 1 B3-C: 55-57" CORES
89 9301534 9/30/2015 Breach 1 B3-C: 77-81" CORES
90 9301535 9/30/2015 Breach 1 BG1 0-4' 9-13" CORES
91 9301536 9/30/2015 Breach 1 BG1 0-4' 33-37" CORES
92 9301537 9/30/2015 Breach 1 BG1 4-8' 9-13" CORES
93 9301538 9/30/2015 Breach 1 BG1 4-8' 33-37" CORES
94 9301539 9/30/2015 Breach 1 BG2 0-4' 22-25" CORES
95 9301540 9/30/2015 Breach 1 BG2 0-4' 37-41" CORES
96 9301541 9/30/2015 Breach 1 BG2 4-8' 9-13" CORES
97 9301542 9/30/2015 Breach 1 BG2 4-8' 33-37" CORES
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56 9301501 9/30/2015 Breach 1 A1-A: 9-13" CORES
57 9301502 9/30/2015 Breach 1 A1-A: 33-37" CORES
58 9301503 9/30/2015 Breach 1 A1-A: 55-57" CORES
59 9301504 9/30/2015 Breach 1 A1-A: 77-81" CORES
60 9301505 9/30/2015 Breach 1 A1-B: 9-13" CORES
61 9301506 9/30/2015 Breach 1 A1-B: 33-37" CORES
62 9301507 9/30/2015 Breach 1 A1-B: 55-57" CORES
63 9301508 9/30/2015 Breach 1 A1-B: 77-81" CORES
64 9301509 9/30/2015 Breach 1 A1-C: 9-13" CORES
65 9301510 9/30/2015 Breach 1 A1-C: 33-37" CORES
66 9301511 9/30/2015 Breach 1 A1-C: 55-57" CORES
67 9301512 9/30/2015 Breach 1 A1-C: 77-81" CORES
68 9301513 9/30/2015 Breach 1 B2-A: 9-13" CORES
69 9301514 9/30/2015 Breach 1 B2-A: 33-37" CORES
70 9301515 9/30/2015 Breach 1 B2-A: 55-57" CORES
71 9301516 9/30/2015 Breach 1 B2-A: 77-81" CORES
72 9301517 9/30/2015 Breach 1 B2-B: 9-13" CORES
73 9301518 9/30/2015 Breach 1 B2-B: 33-37" CORES
74 9301519 9/30/2015 Breach 1 B2-C: 9-13" CORES
75 9301520 9/30/2015 Breach 1 B2-C: 33-37" CORES
76 9301521 9/30/2015 Breach 1 B2-C: 55-57" CORES
77 9301522 9/30/2015 Breach 1 B2-C: 77-81" CORES
78 9301523 9/30/2015 Breach 1 B3-A: 9-13" CORES
79 9301524 9/30/2015 Breach 1 B3-A: 33-37" CORES
80 9301525 9/30/2015 Breach 1 B3-A: 55-57" CORES
81 9301526 9/30/2015 Breach 1 B3-A: 77-81" CORES
82 9301527 9/30/2015 Breach 1 B3-B: 9-13" CORES
83 9301528 9/30/2015 Breach 1 B3-B: 33-37" CORES
84 9301529 9/30/2015 Breach 1 B3-B: 55-57" CORES
85 9301530 9/30/2015 Breach 1 B3-B: 77-81" CORES
86 9301531 9/30/2015 Breach 1 B3-C: 9-13" CORES
87 9301532 9/30/2015 Breach 1 B3-C: 33-37" CORES
88 9301533 9/30/2015 Breach 1 B3-C: 55-57" CORES
89 9301534 9/30/2015 Breach 1 B3-C: 77-81" CORES
90 9301535 9/30/2015 Breach 1 BG1 0-4' 9-13" CORES
91 9301536 9/30/2015 Breach 1 BG1 0-4' 33-37" CORES
92 9301537 9/30/2015 Breach 1 BG1 4-8' 9-13" CORES
93 9301538 9/30/2015 Breach 1 BG1 4-8' 33-37" CORES
94 9301539 9/30/2015 Breach 1 BG2 0-4' 22-25" CORES
95 9301540 9/30/2015 Breach 1 BG2 0-4' 37-41" CORES
96 9301541 9/30/2015 Breach 1 BG2 4-8' 9-13" CORES
97 9301542 9/30/2015 Breach 1 BG2 4-8' 33-37" CORES
98 9301543 9/30/2015 Breach 1 BG3 0-4' 18-22" CORES
99 9301544 9/30/2015 Breach 1 BG3 0-4' 34-38" CORES
100 9301545 9/30/2015 Breach 1 BG3 4-8' 9-13" CORES
101 9301546 9/30/2015 Breach 1 BG3 4-8' 33-37" CORES
102 A18o 10/19/2015 Breach 1 MC Study- week 18 2015 Drill Cuttings (0.5 g from triplicate bottles combined)
103 B18o 10/19/2015 Breach 1 MC Study- week 18 2015 Drill Cuttings (0.5 g from triplicate bottles combined)
104 C18o 10/19/2015 Breach 1 MC Study- week 18 2015 Drill Cuttings (0.5 g from triplicate bottles combined)
105 D18o 10/19/2015 Breach 1 MC Study- week 18 2015 Drill Cuttings (0.5 g from triplicate bottles combined)
106 E18o 10/19/2015 Breach 1 MC Study- week 18 2015 Drill Cuttings (0.5 g from triplicate bottles combined)
107 A18b 10/19/2015 Breach 1 MC Study- week 18 2013 Post excavation (0.5 g from triplicate bottles combined)
108 B18b 10/19/2015 Breach 1 MC Study- week 18 2013 Post excavation (0.5 g from triplicate bottles combined)
109 C18b 10/19/2015 Breach 1 MC Study- week 18 2013 Post excavation (0.5 g from triplicate bottles combined)
110 D18b 10/19/2015 Breach 1 MC Study- week 18 2013 Post excavation (0.5 g from triplicate bottles combined)
111 E18b 10/19/2015 Breach 1 MC Study- week 18 2013 Post excavation (0.5 g from triplicate bottles combined)
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Table E-2. Microcosm Week 12 DNA OTUs Above 0.1%. 
 
Table E-3. Microcosm Week 18 DNA OTUs Above 0.1%. 
 
72 A30o 10/19/2015 Breach 1 MC Study- week 30 2015 Drill Cuttings (0.5 g from triplicate bottles combined)
73 B30o 10/19/2015 Breach 1 MC Study- week 30 2015 Drill Cuttings (0.5 g from triplicate bottles combined)
74 C30o 10/19/2015 Breach 1 MC Study- week 30 2015 Drill Cuttings (0.75 g from DUPLICATE bottles combined)
75 D30o 10/19/2015 Breach 1 MC Study- week 30 2015 Drill Cuttings (0.75 g from DUPLICATE bottles combined)
76 E30o 10/19/2015 Breach 1 MC Study- week 30 2015 Drill Cuttings (0.75 g from DUPLICATE bottles combined)
Microcosm DNA-wk12 12 45 47 49 50 51 52 53 54 55
No. seq % No. seq % No. seq % No. seq % No. seq % No. seq % No. seq % No. seq % No. seq % No. seq %
Actinobacteria(87) 290 0.7 582 0.5 53 0.1 41 0.1 359 0.3 93 0.1 228 0.2 98 0.1
Alcanivorax(100) 25 0.1 302 0.3 85 0.1 75 0.1
Alphaproteobacteria(100) 29 0.1 80 0.1 49 0.1 73 0.1 669 0.5 254 0.3 218 0.2
Anaerolineaceae(100) 353 0.3 91 0.1
Bacillales(100) 67 0.1
Bacteroidetes 10146 23.0 4845 4.4 7714 9.7 7535 10.9 12021 16.7 8979 12.7 21047 16.0 4465 4.0 11176 11.6 15540 13.7
Bellilinea(72) 169 0.4 84 0.1 466 0.4
Betaproteobacteria(100) 124 0.1
Chitinophagaceae(100) 2654 2.4 2091 3.0 551 0.4 243 0.2 1157 1.2 3321 2.9
Chloroflexi(92) 327 0.2 169 0.2
Clostridiales 2685 6.1 19326 17.4 2378 3.0 1473 2.1 1565 2.2 11283 16.0 4862 3.7 4781 4.3 25466 26.4 16851 14.9
Deltaproteobacteria(100) 114 0.3 151 0.1 80 0.1 176 0.2 144 0.1 169 0.1
Desulfobacteraceae(100) 4663 4.2 4924 6.2 5300 7.7 3214 4.5 1090 1.5 2969 2.3 2723 2.4 205 0.2 1874 1.7
Desulfobacterales(58) 48 0.1
Desulfobulbus(100) 560 0.5 51 0.1 104 0.1 75 0.1 278 0.2 366 0.4 90 0.1
Desulfuromonadaceae(100) 1600 3.6 2910 2.6 70 0.1 49 0.1 535 0.8 382 0.3 253 0.2 1219 1.3 1199 1.1
Desulfuromonas(100) 83 0.1
Firmicutes(100) 71 0.1
Gammaproteobacteria(100) 1511 0.4 2791 0.2 1019 0.1 414 0.6 191 0.3 5348 4.1 1889 1.7 98 0.1 1190 1.0
Gammaproteobacteria_family_
incertae_sedis(100) 245 0.6 473 1.4 133 3.5 45 1.5 576 0.8 5042 3.8 5439 4.8 1846 1.9 863 0.8
Gp10(100) 127 0.1 177 0.2
Gp23(100) 59 0.1
Gracilimonas(100) 877 2.0 314 0.3 37 0.1 838 0.6 353 0.3 57 0.1 576 0.5
Halobacillus(100) 962 2.2 2238 2.0 282 0.4 179 0.3 142 0.2 3825 5.4 1968 1.5 2090 1.9 6501 6.7 3913 3.4
Halomonas 919 2.1 3117 2.8 406 0.5 383 0.6 340 0.5 518 0.7 2669 2.0 2075 1.8 1342 1.4 1110 1.0
Halothiobacillus(100) 159 0.1
Marinilabiaceae(100) 77 0.1 58 0.1
Marinilabilia(100) 21862 19.7 2997 3.8 1239 1.8 1069 1.5 2734 3.9 7048 5.4 1832 1.6 352 0.4 4767 4.2
Marinobacter 10944 24.8 21440 19.3 42131 52.8 38585 56.0 37144 51.4 20042 28.3 10279 7.8 5734 5.1 19474 20.2 30976 27.3
Methylophaga(100) 81 0.2 1053 0.9 3340 4.2 2654 3.9 5433 7.5 3742 5.3 4395 3.3 1482 1.3 7317 7.6 6760 6.0
Myxococcales(78) 115 0.3 75 0.1
Petrotoga(100) 150 0.1
Planococcaceae(100) 646 0.6 1376 1.7 618 0.9 653 0.9 1565 2.2 6331 4.8 809 0.7 1073 1.1 2232 2.0
Porticoccus(100) 25 0.1 63 0.1
Proteobacteria(100) 86 0.1
Rhodobacteraceae(100) 839 1.9 13007 11.7 7471 9.4 6799 9.9 6736 9.3 6775 9.6 22525 17.1 48062 42.8 13871 14.4 10124 8.9
Rhodospirillaceae(70) 42 0.1 98 0.1 115 0.1 68 0.1
Rhodospirillales(100) 133 0.1 80 0.1
Ruegeria(87) 145 0.1
Salegentibacter(100) 5178 11.7 886 0.8 365 0.5 367 0.5 495 0.7 546 0.8 13468 10.2 14029 12.5 2965 3.1 1359 1.2
Spirochaeta(100) 772 1.8 2106 1.9 1418 1.8 1835 2.7 2424 3.4 84 0.1 14867 11.3 14790 13.2 161 0.2 391 0.3
Sulfitobacter(100) 222 0.3 202 0.3 142 0.2 69 0.1 1460 1.1 75 0.1 145 0.1
Thiohalobacter(100) 80 0.2 175 0.2 1545 1.9 510 0.7 63 0.1 77 0.1 134 0.1 83 0.1 124 0.1
Thiohalophilus(100) 1396 1.1 230 0.2 154 0.2 421 0.4
unclassified(100) 7945 18.0 4787 4.3 170 0.2 99 0.1 56 0.1 5712 8.1 1788 1.4 201 0.2 530 0.6 8650 7.6
total 44088 100 111098 100 79784.0 100 68891 100 72197 100 70702 100 131559 100 112403 100 96344 100 113446 100
Microcosm dna- wk18 102 103 104 105 106 110
Name No. seq % No. seq % No. seq % No. seq % No. seq % No. seq %
Acetobacteraceae(100) 355 0.8 121 0.1
Acidiphilium(100)
Actinobacteria(100) 580 1.4 535 0.2 182 0.1 128 0.1
Actinomycetales(100) 22 0.1 184 0.1
Alcanivorax(100) 173 0.4 2576 1.1 114 0.1 2 0.6 5971 3.4
Alkalibacter(100) 184 0.1
Alphaproteobacteria(100) 864 2.1 1178 0.5 866 0.4 1133 0.5 2 0.6 102 0.1
Altererythrobacter(100) 125 0.1
Alteromonadaceae(100) 251 0.1
Alteromonadales(100)
Anaerolineaceae(100) 566 1.3 1073 0.5 328 0.1
Aquabacterium(100) 192 0.5
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Bacillaceae_1(100) 144 0.3 2837 1.3
Bacillaceae_2(100) 211 0.5 157 0.1 2888 1.3 574 0.3 1 0.3
Bacillales(100) 1339 3.2 802 0.3 13153 6.0 12540 5.7 29 8.9 176 0.1
Bacilli(100) 189 0.1
Bacillus(100) 1690 0.8 11 3.4 112 0.1
Bacteroidetes(100) 329 0.8 7640 3.2 160 0.1 328 0.2
Balneola(100) 51 0.1
Bellilinea(100) 212 0.5
Betaproteobacteria(100) 174 0.4
Brevibacillus(100) 124 0.1
Burkholderiales(100) 432 1.0 117 0.1
Catellibacterium(100) 149 0.1
Chitinophagaceae(100) 118 0.1
Chloroflexi(100) 171 0.4 3374 1.4
Chromatiaceae(100) 84 0.2
Chromatiales(100) 208 0.1
Clostridia(100) 332 0.1
Clostridiales(100) 635 1.5 3319 1.4 164 0.1 1 0.3 515 0.3
Clostridiales_Incertae_Sedis_XI(100)325 0.8
Clostridium_sensu_stricto(100) 143 0.1
Clostridium_XlVa(100) 292 0.1
Comamonadaceae(100) 334 0.8
Comamonas(100) 65 0.2 129 0.1 138 0.1 1 0.3
Conexibacter(100) 200 0.5 260 0.1
Corynebacterium(100) 55 0.1
Craurococcus(100) 113 0.3
Curvibacter(100) 248 0.6
Dehalogenimonas(100) 464 0.2
Deltaproteobacteria(100) 505 1.2 2405 1.0 139 0.1 114 0.1
Desulfobacteraceae(100) 673 1.6 2705 1.2 1 0.3
Desulfobacterales(100) 3245 1.4
Desulfobulbaceae(100) 927 2.2 5093 2.2
Desulfobulbus(100) 252 0.6 3290 1.4
Desulfofustis(100) 937 0.4
Desulfosalsimonas(100) 2427 1.0
Desulfotignum(100) 131 0.3 757 0.3
Desulfurivibrio(100) 601 0.3
Desulfuromonadaceae(100) 357 0.8 7018 3.0 328 0.1 144 0.1 262 0.1
Desulfuromonadales(100) 1261 0.5 195 0.1 1307 0.7
Desulfuromonas(100) 180 0.4 613 0.3 108 0.1
Devosia(100) 135 0.3
Enterobacteriaceae(100) 91 0.2
Erythrobacter(100) 188 0.4 134 0.1
Erythrobacteraceae(100) 166 0.4 454 0.2 221 0.1 119 0.1
Firmicutes(100) 44 0.1 1991 0.8 347 0.2 330 0.1 1 0.3 111 0.1
Flavobacteriaceae(100) 23 0.1 247 0.1
Flexistipes(100) 453 0.2
Gammaproteobacteria(100) 2050 4.9 3478 1.5 7415 3.4 6784 3.1 6 1.8 5420 3.1
Gammaproteobacteria_family_incertae_sedis(100)392 .9 430 0.2 205 0.1 281 0.1 1 0.3
Geoalkalibacter(100) 1244 0.5
Geovibrio(100) 198 0.1
Gp16(100) 110 0.3
Gp21(100) 83 0.2 223 0.1
Gp3(100) 23 0.1
Gp9(100) 38 0.1
Gracilimonas(100) 348 0.1 577 0.3 346 0.2 366 0.2
Halanaerobium(100) 1739 0.7 266 0.2
Halobacillus(100) 1641 0.7 12942 5.9 4144 1.9 27 8.3
Halocella(100) 220 0.1
Halomonadaceae(100) 53 0.1 2409 1.0 1616 0.7 2008 0.9 212 0.1
Halomonas(100) 1537 3.7 82962 35.3 23298 10.6 29693 13.4 1559 0.9
Halothiobacillus(100) 10814 4.6 2666 1.2 2420 1.1 5 1.5 134 0.1
Holophaga(100) 313 0.7
Hyphomicrobiaceae(100) 1874 0.8
Hyphomonas(100) 210 0.5
Idiomarina(100) 731 0.3 216 0.1 14719 8.3
Idiomarinaceae(100) 2 0.6 467 0.3
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Jeotgalibacillus(100) 2782 6.6 3288 1.4 92689 42.3 128531 58.0 198 60.6 155 0.1
Kingella(100) 90 0.2
Lachnospiraceae(100) 31 0.1 285 0.1
Lachnospiraceae(100)
Lactobacillus(100) 262 0.6
Lutibacter(100) 38 0.1
Lysinibacillus(100) 210 0.5
Lysinibacillus(100) 15 4.6
Marinilabiaceae(100) 405 0.2
Marinilabilia(100) 530 0.2
Marinobacter(100) 1614 3.8 10677 4.5 2518 1.1 1679 0.8 6 1.8 133519 75.6
Methylobacter(100) 149 0.4
Methylobacterium(100) 1285 3.1 191 0.1
Methylocaldum(100) 135 0.3
Methylococcaceae(100) 646 0.3 1515 0.7
Methylophaga(100) 235 0.6 1050 0.4 14507 6.6 668 0.3 2 0.6 157 0.1
Micrococcus(100) 333 0.8
Micromonospora(100) 112 0.3
Micromonosporaceae(100) 370 0.9
Mycobacterium(100) 848 2.0 342 0.1 209 0.1 143 0.1
Myxococcales(100) 784 1.9 210 0.1
Neisseriaceae(100) 31 0.1
Nevskia(100) 652 1.6 307 0.1 1210 0.5
Nocardioidaceae(100) 208 0.5
Oceanicola(100) 183 0.1
Oceanospirillales(100) 281 0.1 183 0.1
Oxalobacteraceae(100) 197 0.5
Paenibacillaceae_1(100) 174 0.1
Parvibaculum(100) 1380 0.6 1936 0.9
Pelobacter(100) 1689 0.7 122 0.1 497 0.3
Peredibacter(100) 170 0.4
Planctomyces(100) 91 0.2
Planctomyces(100) 134 0.1 167 0.1 1 0.3
Planctomycetaceae(100) 64 0.2 139 0.1
Planococcaceae(100) 398 0.9 788 0.4 730 0.3 303 0.2
Porticoccus(100) 493 0.2
Proteobacteria(100) 232 0.6 4064 1.7 441 0.2 725 0.3 2 0.6 252 0.1
Pseudomonadaceae(100) 93 0.2
Pseudomonas(100) 143 0.1 114 0.1
Pseudonocardiaceae(100) 117 0.3
Rheinheimera(100) 36 0.1
Rhizobiales(100) 995 2.4 813 0.3 210 0.1 236 0.1
Rhodobacteraceae(100) 1919 4.6 1416 0.6 7649 3.5 9170 4.1 4 1.2 6434 3.6
Rhodocyclaceae(100) 158 0.4
Rhodospirillaceae(100) 118 0.1
Rhodospirillales(100) 277 0.1
Ruminococcaceae(100) 154 0.1
Salegentibacter(100) 971 2.3 4850 2.1 13182 6.0 792 0.4 670 0.4
Salinimicrobium(100) 92 0.2
Sneathiella(100) 130 0.3
Sphingobacteriales(100) 292 0.7 199 0.1
Spirochaeta(100) 359 0.9 3722 1.6 312 0.1 255 0.1 144 0.1
Spirochaetaceae(100) 688 0.3
Sporosarcina(100) 163 0.4
Staphylococcus(100) 405 1.0
Sulfitobacter(100) 180 0.4
Sulfuricurvum(100) 583 1.4
Sulfurovum(100) 1172 2.8 3345 1.4 8586 3.9 2714 1.2 4 1.2 104 0.1
Synergistaceae(100) 99 0.2 130 0.1
Thioalkalimicrobium(100) 172 0.1
Thiobacillus(100) 48 0.1
Thiohalobacter(100) 112 0.3 208 0.1 247 0.1 538 0.2
Thiohalophilus(100) 406 1.0 922 0.4 1112 0.5 3162 1.4
Thiomicrospira(100) 125 0.3 262 0.1
Truepera(100) 125 0.1 118 0.1 1 0.3
Tumebacillus(100)
unclassified(100) 5602 13.3 29472 12.5 2851 1.3 2852 1.3 4 1.2 822 0.5
Xanthobacter(100) 159 0.4 268 0.1 473 0.2
total 41892 100 234908 100 219051 100 221605 100 327 100 176143 100
85 
Table E-4. Microcosm Week 30 DNA OTUs Above 0.1%. 
 
Microcosm dna- wk 30 72 73 74 75 76
Phylotype Level No seq. % No. seq % No. seq % No. seq % No. seq %
Actinobacteria(100) class 400 0.7 305 0.1 172 0.1 61 0.1
Actinomycetales(100) order 492 0.8
Aeromonas(100) genus 183 0.3
Alcanivorax(100) genus 117 0.2 8851 5.6 5263 3.0 4614 4.0
Alphaproteobacteria(100) class 2845 4.7 1466 0.6 384 0.2 1168 0.7 665 0.6
Alteromonadales(100) order 71 0.1
Anaerolineaceae(100) family 325 0.5 1752 0.7 159 0.1 91 0.1
Anaerophaga(100) genus 281 0.5 1429 0.6 197 0.1 276 0.2 136 0.1
Anaerovorax(100) genus 43 0.1
Anderseniella(100) genus 201 0.3 200 0.1 104 0.1
Arcobacter(100) genus 106 0.2
Bacillales(100) order 35 0.1 478 0.2 204 0.1 72 0.1
Bacteriovorax(100) genus 56 0.1
Bacteroidetes(100) phylum 2822 4.7 13865 5.4 2051 1.3 2053 1.2 836 0.7
Betaproteobacteria(100) class 135 0.2
Burkholderiales(100) order 63 0.1
Chitinophagaceae(100) family 609 0.4 4081 2.3 784 0.7
Chlamydiales(100) order 32 0.1
Chloroflexi(100) phylum 220 0.4
Chromatiaceae(100) family 39 0.1
Clostridia(100) class 422 0.7 640 0.3 95 0.1 178 0.1 136 0.1
Clostridiales(100) order 372 0.6 1815 0.7 188 0.1 539 0.3 241 0.2
Clostridiales_Incertae_Sedis_XI(100)family 229 0.4
Clostridium_sensu_stricto(100) genus 236 0.1 117 0.1 63 0.1
Clostridium_XlVa(100) genus 133 0.1
Cobetia(100) genus
Comamonadaceae(100) family 412 0.7
Comamonas(100) genus 42 0.1
Deferribacteraceae(100) family 59 0.1
Deltaproteobacteria(100) class 778 1.3 1043 0.4 164 0.1 240 0.1 103 0.1
Desulfobacteraceae(100) family 592 1.0 1946 0.8 1281 0.8 153 0.1 74 0.1
Desulfobacterales(100) order 876 0.6 134 0.1
Desulfobacterium(100) genus
Desulfobulbaceae(100) family 173 0.3 82 0.1
Desulfobulbus(100) genus 94 0.2
Desulfocapsa(100) genus 80 0.1
Desulfomonile(100) genus 85 0.1
Desulfosalsimonas(100) genus 35 0.1 1673 0.7 216 0.1 104 0.1
Desulfotignum(100) genus 104 0.2 1978 0.8 280 0.2 164 0.1
Desulfovibrio(100) genus 106 0.2
Desulfovibrionales(100) order 38 0.1
Desulfuromonadaceae(100) family 232 0.4 1665 0.7 1972 1.3 1353 0.8 703 0.6
Desulfuromonadales(100) order 47 0.1 1084 0.4 6073 3.9 6429 3.6 1624 1.4
Desulfuromonas(100) genus 266 0.4 2134 0.8 152 0.1 945 0.5 427 0.4
Devosia(100) genus 36 0.1
Erythrobacter(100) genus 316 0.5 181 0.1
Erythrobacteraceae(100) family 240 0.4 206 0.1
Firmicutes(100) phylum 2166 3.6 12236 4.8 1387 0.9 3433 1.9 2071 1.8
Flavobacteriaceae(100) family 157 0.3 149 0.1 482 0.3 361 0.2 110 0.1
Gammaproteobacteria(100) class 2244 3.7 2671 1.0 1048 0.7 2369 1.3 1079 0.9
Gammaproteobacteria(100) class 789 1.3 578 0.2 175 0.1
Geoalkalibacter(100) genus 591 0.2 203 0.1 474 0.3 288 0.3
Gp17(100) genus 45 0.1
Gp18(100) genus
Gp21(100) genus
Gp22(100) genus 39 0.1
Gp23(100) genus
Gracilimonas(100) genus 255 0.2 525 0.3
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Halanaerobiaceae(100) family 248 0.1 1266 0.8
Halanaerobium(100) genus 44 0.1 1908 0.7 1554 0.9 370 0.3
Halobacillus(100) genus 198 0.1
Halocella(100) genus 247 0.1
Halomonadaceae(100) family 1348 0.5 377 0.2 232 0.2
Halomonas(100) genus 130 0.2 30644 12.0 11861 7.6 441 0.2 4555 4.0
Halothiobacillus(100) genus 224 0.1 691 0.4 2223 1.3 707 0.6
Henriciella(100) genus 120 0.1 2935 1.7 729 0.6
Hydrogenophaga(100) genus 129 0.2
Hyphomicrobiaceae(100) family 102 0.2
Hyphomicrobium(100) genus 100 0.2
Hyphomonas(100) genus 101 0.2
Idiomarina(100) genus 60 0.1 13958 5.5 55955 35.6 9971 5.6 46588 40.8
Idiomarinaceae(100) family 276 0.2 284 0.2
Ilumatobacter(100) genus 43 0.1
Kineosporiaceae(100) family 33 0.1
Labrenzia(100) genus 128 0.2 134 0.1 152 0.1
Lachnospiraceae(100) family 46 0.1 282 0.1 114 0.1 107 0.1
Maricaulis(100) genus 44 0.1 59 0.1
Marinilabiaceae(100) family 74 0.1 815 0.3
Marinilabilia(100) genus 57 0.1 704 0.3 112 0.1 129 0.1 63 0.1
Marinimicrobium(100) genus 150 0.2
Marinobacter(100) genus 486 0.8 62108 24.4 22345 14.2 57323 32.4 17909 15.7
Marinobacterium(100) genus 245 0.4
Marinomonas(100) genus 46 0.1
Marispirillum(100) genus 872 0.3
Methylophaga(100) genus 82 0.1 42357 16.6 316 0.2 560 0.3 230 0.2
Methylophilaceae(100) family 43 0.1
Micromonosporaceae(100) family 182 0.3
Mycobacterium(100) genus 94 0.2
Myxococcaceae(100) family 66 0.1
Myxococcales(100) order 113 0.2
Nevskia(100) genus 35 0.1
Nocardioides(100) genus 50 0.1
Oceanicaulis(100) genus 422 0.7
Oceanicola(100) genus 808 1.3 411 0.2
Parvibaculum(100) genus 396 0.3 872 0.5 440 0.4
Parvularcula(100) genus 171 0.1
Pelobacter(100) genus 45 0.1
Petrotoga(100) genus 171 0.3 845 0.3 109 0.1 90 0.1
Phaeobacter(100) genus 437 0.7 159 0.1
Photobacterium(100) genus 34 0.1
Phyllobacteriaceae(100) family 86 0.1
Piscirickettsiaceae(100) family 93 0.2 133 0.1 226 0.1 204 0.2
Planococcaceae(100) family
Planctomycetaceae(100) family 292 0.5
Porphyrobacter(100) genus 32 0.1
Porticoccus(100) genus 45 0.1
Proteiniclasticum(100) genus 46 0.1
Proteobacteria(100) phylum 2166 3.6 3225 1.3 730 0.5 1784 1.0 839 0.7
Pseudoalteromonadaceae(100) family
Pseudoalteromonas(100) genus
Pseudomonadaceae(100) family 38 0.1
Pseudomonas(100) genus 391 0.6
Pseudonocardia(100) genus 130 0.2
Pseudonocardiaceae(100) family 65 0.1
Psychrobacter(100) genus
Reinekea(100) genus 157 0.3
Rhizobiales(100) order 1445 2.4 740 0.3 81 0.1 282 0.2 152 0.1
Rhodobacteraceae(100) family 7764 12.8 2718 1.1 22336 14.2 49423 27.9 20318 17.8
Rhodopirellula(100) genus 83 0.1
Rhodospirillales(100) order 61 0.1
Roseovarius(100) genus 101 0.1 67 0.1
Ruegeria(100) genus 279 0.5
Ruminococcaceae(100) family 54 0.1 177 0.1
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Table E-5. Pre-aeration 0-5’ DNA OTUs above 0.1%. 
 
Saccharofermentans(100) genus 314 0.1 94 0.1
Salegentibacter(100) genus 32 0.1 232 0.1 6805 4.3 4166 2.4 918 0.8
Saprospiraceae(100) family 34 0.1
Shewanella(100) genus 66 0.1
Shimia(100) genus 108 0.2
Smithella(100) genus 160 0.3
Solirubrobacterales(100) order 62 0.1
Sphingobacteriales(100) order 82 0.1 190 0.1
Sphingomonadales(100) order 35 0.1
Sphingomonas(100) genus 35 0.1
Spirochaeta(100) genus 738 1.2 1528 0.6 1442 0.9 987 0.6 423 0.4
Spirochaetaceae(100) family 59 0.1
Sulfitobacter(100) genus 38 0.1
Sulfurimonas(100) genus
Sulfurovum(100) genus 651 0.3 199 0.1 119 0.1 95 0.1
Synergistaceae(100) family 382 0.6 3516 1.4 128 0.1 173 0.1 142 0.1
Syntrophobacterales(100) order 37 0.1
Teredinibacter(100) genus 128 0.2
Thalassospira(100) genus 526 0.9
Thiohalophilus(100) genus 179 0.1
Thiomicrospira(100) genus 686 0.4 690 0.4 206 0.2
Thiothrix(100) genus 429 0.7
Treponema(100) genus 340 0.6 460 0.2
unclassified genus 20340 33.6 32062 12.6 3776 2.4 11099 6.3 4035 3.5
Veillonellaceae(100) family 875 0.3
Verrucomicrobiaceae(100) family 115 0.2
Vibrio(100) genus 321 0.5
Vibrionaceae(100) family 122 0.2
60550 100 254471 100 157029 100 177031 100 114070 100
Pre-aeration 0-5'
Name No seq % No seq % No seq % No seq % No seq % No. seq %
Actinobacteria(100)
Alcanivorax(100) 3445 3.7 974 1.7 1509 1.5 1346 1.4 204 0.2 686 0.7
Alphaproteobacteria(100) 369 0.4 115 0.2 67 0.1 71 0.1 259 0.3
Anaerolineaceae(100) 420 0.4 254 0.4 94 0.1 166 0.2 257 0.2 1706 1.7
Anderseniella(97)
Bacillaceae_2(76) 84 0.1
Bacillales(100)
Bacteroidetes(100) 280 0.3 126 0.2 115 0.1 110 0.1 577 0.6
Chloroflexi(100) 161 0.2
Clostridiales(100)
Clostridiales_Incertae_Sedis_XI(99)
Cobetia(87)
Cryomorphaceae(99) 204 0.2
Deltaproteobacteria(100) 922 1.0 526 0.9 184 0.2 198 0.2 353 0.3 455 0.4
Desulfobacteraceae(100) 90 0.1 105 0.2 75 0.1 159 0.1 6972 6.8
Desulfobacterales(100) 648 0.7 2219 2.2
Desulfobacterium(99) 228 0.2
Desulfobulbaceae(100) 39 0.1 311 0.3
Desulfobulbus(100) 103 0.1 105 0.2 90 0.1 227 0.2 221 0.2
Desulfosalsimonas(100) 94 0.1 110 0.1
Desulfotignum(83) 159 0.2 60 0.1
Desulfuromonadaceae(100) 1023 1.1 5391 9.2 9911 9.8 3189 3.2 1214 1.1 4611 4.5
Desulfuromonas(100) 99 0.1 88 0.1
Erythrobacter(100)
Erythrobacteraceae(100)
951 151311
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Firmicutes(100) 69 0.1 32 0.1 91 0.1
Gammaproteobacteria(100) 1523 1.6 34 0.1 396 0.4 427 0.4 593 0.5 637 0.6
Gammaproteobacteria_family_incertae_sedis(100)133 0.1 116 0.1 177 0.2 120 0.1
Halobacillus(98)
Halomonadaceae(100)
Halomonas(99) 15202 16.1 925 1.6 2934 2.9 3349 3.4 2319 2.1 2971 2.9
Halothiobacillus(100) 15994 17.0 16661 28.3 22705 22.5 16905 17.0 324 0.3 4344 4.2
Hyphomicrobiaceae(100)
Idiomarina(100) 5983 6.4 193 0.3 636 0.6 877 0.9 604 0.5 1623 1.6
Idiomarinaceae(100)
Kosmotoga(96) 36 0.1
Lutibacter(100)
Marinobacter(100) 3294 3.5 4066 6.9 1453 1.4 3109 3.1 8114 7.3 3118 3.0
Marinobacterium(100)
Methylomonas(54)
Methylophaga(100) 305 0.3 129 0.2 134 0.1 294 0.3 591 0.5 217 0.2
Myxococcales(100) 163 0.2 54 0.1
Nitrincola(100)
Nocardioidaceae(100)
Petrotoga(100) 82 0.1 78 0.1
Planococcaceae(63)
Pontibacter(100)
Proteobacteria(100) 90 0.2 59 0.1 295 0.3 81 0.1
Pseudoalteromonas(100) 3265 3.5 2656 4.5 5433 5.4 4514 4.5 18175 16.3 4297 4.2
Pseudomonas(97) 73 0.1
Rhizobiales(100) 52 0.1 75 0.1 221 0.2
Rhodobacteraceae(100) 9072 9.6 4883 8.3 1683 1.7 2814 2.8 3816 3.4 7866 7.6
Salegentibacter(100) 1290 1.4 367 0.6 235 0.2 441 0.4 780 0.7 505 0.5
Spirochaeta(84)
Sulfitobacter(80) 45 0.1 73 0.1
Sulfurimonas(100) 485 0.5 837 1.4 218 0.2 434 0.4 1446 1.3 516 0.5
Sulfurovum(100) 19189 20.4 15532 26.4 45923 45.6 51189 51.4 7641 6.8 39398 38.2
Synergistaceae(100)
Thalassospira(100)
Thioalkalimicrobium(100) 410 0.4 91 0.2 101 0.1 355 0.4 528 0.5 303 0.3
Thiohalophilus(56) 1048 1.1 463 0.8 1960 1.9 3672 3.7 292 0.3
Thiomicrospira(92) 760 0.8 2310 3.9 740 0.7 1852 1.9 52158 46.7 1770 1.7
Tumebacillus(100) 186 0.2
unclassified(100) 7905 8.4 1747 3.0 1845 1.8 3454 3.5 11272 10.1 18784 18.2
Vibrio(93) 131 0.1
94163 100 58862 100 100689 100 99585 100 111579 100 103135 100
Pre-aeration 0-5'
Name No. seq % No. seq % No. seq % No. seq % No. seq % No. Seq %
Actinobacteria(100) 93 0.2 46 0.1
Alcanivorax(100) 202 0.3 7438 9.3 3743 4.1 53 0.1 57 0.1
Alphaproteobacteria(100) 108 0.2 290 0.4 121 0.2 630 0.6 326 0.3
Anaerolineaceae(100) 374 0.6 704 0.9 205 0.2 750 1.1 2562 2.4 5711 5.8
Anderseniella(97) 87 0.1 71 0.1
Bacillaceae_2(76)
Bacillales(100) 60 0.1
Bacteroidetes(100) 64 0.1 165 0.2 170 0.2
27211917 2523
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Chloroflexi(100)
Clostridiales(100) 43 0.1 97 0.1 293 0.3 122 0.1
Clostridiales_Incertae_Sedis_XI(99) 58 0.1
Cobetia(87) 158 0.2
Cryomorphaceae(99)
Deltaproteobacteria(100) 389 0.7 284 0.4 96 0.1 444 0.7 4019 3.8 1709 1.7
Desulfobacteraceae(100) 346 0.6 405 0.5 1359 1.5 390 0.6 1146 1.1 2063 2.1
Desulfobacterales(100) 724 0.8
Desulfobacterium(99) 184 0.2 97 0.1 1180 1.8
Desulfobulbaceae(100) 31 0.1 49 0.1 60 0.1 410 0.4 209 0.2
Desulfobulbus(100) 223 0.4 289 0.4 73 0.1 368 0.6 537 0.5 271 0.3
Desulfosalsimonas(100) 54 0.1 106 0.1 51 0.1 110 0.2 377 0.4 304 0.3
Desulfotignum(83) 39 0.1 45 0.1 36 0.1 238 0.2 65 0.1
Desulfuromonadaceae(100) 4548 7.7 331 0.3 622 0.6
Desulfuromonas(100) 31 0.1 77 0.1 40 0.1 62 0.1
Erythrobacter(100)
Erythrobacteraceae(100)
Firmicutes(100) 74 0.1 119 0.2 553 0.5 331 0.3
Gammaproteobacteria(100) 393 0.7 517 0.6 993 1.1 453 0.7 1386 1.3 2292 2.3
Gammaproteobacteria_family_incertae_sedis(100)59 .1 146 0.2 91 0.1 306 0.5 900 0.9 1526 1.5
Halobacillus(98) 129 0.1 152 0.2
Halomonadaceae(100)
Halomonas(99) 755 1.3 1351 1.7 934 1.0 1954 3.0 4331 4.1 2912 2.9
Halothiobacillus(100) 24851 42.2 549 0.7 1866 2.1 282 0.4 3846 3.6 1353 1.4
Hyphomicrobiaceae(100)
Idiomarina(100) 632 1.1 871 1.1 547 0.6 446 0.7 951 0.9 2697 2.7
Idiomarinaceae(100)
Kosmotoga(96)
Lutibacter(100)
Marinobacter(100) 5297 9.0 8048 10.0 3719 4.1 11448 17.4 45545 43.1 43700 44.2
Marinobacterium(100)
Methylomonas(54) 54 0.1
Methylophaga(100) 761 1.3 939 1.2 342 0.4 1401 2.1 3562 3.4 4827 4.9
Myxococcales(100)
Nitrincola(100)
Nocardioidaceae(100)
Petrotoga(100) 53 0.1 502 0.6 172 0.2 53 0.1 109 0.1 433 0.4
Planococcaceae(63) 196 0.2
Pontibacter(100)
Proteobacteria(100) 78 0.1 244 0.3 196 0.2 359 0.5 777 0.7 3113 3.1
Pseudoalteromonas(100) 1899 3.2 27774 34.6 6108 6.7 30034 45.7 147 0.1 131 0.1
Pseudomonas(97)
Rhizobiales(100) 63 0.1 55 0.1
Rhodobacteraceae(100) 6236 10.6 16836 21.0 20397 22.5 3023 4.6 7925 7.5 1626 1.6
Salegentibacter(100) 306 0.5 758 0.9 302 0.3 1165 1.8 3227 3.1 2115 2.1
Spirochaeta(84) 158 0.1
Sulfitobacter(80) 47 0.1 97 0.1
Sulfurimonas(100) 1066 1.8 1276 1.6 376 0.4 2341 3.6 8265 7.8 5000 5.1
Sulfurovum(100) 1201 2.0 1412 1.8 4162 4.6 1254 1.9 5382 5.1 3475 3.5
Synergistaceae(100) 49 0.1 84 0.1 258 0.2 420 0.4
Thalassospira(100)
Thioalkalimicrobium(100) 154 0.3 465 0.6 211 0.2 621 0.9 1986 1.9 2180 2.2
Thiohalophilus(56) 118 0.2 104 0.1 21820 24.1 159 0.2
Thiomicrospira(92) 6567 11.1 1515 1.9 146 0.2 419 0.4 845 0.9
Tumebacillus(100) 429 0.5
unclassified(100) 2020 3.4 6739 8.4 21128 23.3 6418 9.8 4787 4.5 7659 7.7
Vibrio(93) 72 0.1 42 0.1 82 0.1
58927 100 80205 100 90558 100 65757 100 105559 100 98898 100
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Pre-aeration 0-5'
Name No. seq % No. seq % No. seq % No. seq % No. seq % No. seq % No. seq %
Actinobacteria(100) 67 0.1
Alcanivorax(100) 159 0.2 347 0.4 190 0.2 143 0.2 99 0.2
Alphaproteobacteria(100) 860 1.1 643 0.7 323 0.3 541 0.6 387 0.6 363 0.6
Anaerolineaceae(100) 2449 3.2 2985 3.2 2214 2.3 1079 1.3 1545 2.6 1266 2.2
Anderseniella(97) 87 0.1 49 0.1 148 0.2
Bacillaceae_2(76)
Bacillales(100)
Bacteroidetes(100) 81 0.1 301 0.3 337 0.3 90 0.2
Chloroflexi(100)
Clostridiales(100) 328 0.4 181 0.2 319 0.3 196 0.2 257 0.4 127 0.2
Clostridiales_Incertae_Sedis_XI(99)
Cobetia(87) 112 0.1 298 0.3 127 0.1 73 0.1
Cryomorphaceae(99) 443 13.9 90 0.1 67 0.1
Deltaproteobacteria(100) 1117 1.4 557 0.6 5 0.2 1436 1.5 946 1.1 661 1.1 884 1.6
Desulfobacteraceae(100) 1453 1.9 4742 5.1 326 10.2 1920 2.0 696 0.8 1906 3.2 1068 1.9
Desulfobacterales(100) 68 0.1 288 0.3 73 0.1
Desulfobacterium(99) 166 0.2 123 0.2
Desulfobulbaceae(100) 137 0.2 556 0.6 200 0.2 95 0.1 78 0.1 79 0.1
Desulfobulbus(100) 720 0.9 440 0.5 251 7.9 1631 1.7 220 0.3 662 1.1 405 0.7
Desulfosalsimonas(100) 316 0.4 195 0.2 538 0.6 208 0.2 372 0.6 289 0.5
Desulfotignum(83) 122 0.2 70 0.1 74 2.3 246 0.3 113 0.1 202 0.3 232 0.4
Desulfuromonadaceae(100) 522 0.7 561 0.6 319 0.3 303 0.4 240 0.4 161 0.3
Desulfuromonas(100) 98 0.1 111 0.1 628 0.3 67 0.3 68 0.1
Erythrobacter(100) 126 0.1 383 0.4
Erythrobacteraceae(100) 52 0.1
Firmicutes(100) 371 0.5 159 0.2 92 2.9 647 0.7 222 0.3 177 0.3 287 0.5
Gammaproteobacteria(100) 2189 2.8 1652 1.8 1723 1.8 1948 2.3 1631 2.7 3222 5.7
Gammaproteobacteria_family_incertae_sedis(100)1259 1.6 987 1.1 1493 1.5 1139 1.3 1202 2.0 2367 4.2
Halobacillus(98) 95 0.1 70 0.1 347 0.4
Halomonadaceae(100) 135 0.2
Halomonas(99) 3525 4.6 3828 4.1 264 8.3 6123 6.3 4048 4.7 3035 5.1 5458 9.7
Halothiobacillus(100) 7342 9.5 5139 5.5 5079 5.2 3236 3.8 5066 8.5 1412 2.5
Hyphomicrobiaceae(100) 136 0.1
Idiomarina(100) 3224 4.2 8099 8.6 1730 1.8 2177 2.5 4060 6.8 2296 4.1
Idiomarinaceae(100) 53 0.1 91 0.1 156 0.3 294 0.5
Kosmotoga(96)
Lutibacter(100) 62 0.1
Marinobacter(100) 23393 30.3 21442 22.9 1112 34.8 31854 32.6 16860 19.6 16086 27.0 13565 24.1
Marinobacterium(100) 44 0.1 118 0.1 133 0.2 542 1.0
Methylomonas(54)
Methylophaga(100) 3673 4.8 4599 4.9 3181 3.3 1657 1.9 1521 2.6 944 1.7
Myxococcales(100)
Nitrincola(100) 73 0.1 67 0.1
Nocardioidaceae(100) 132 0.1
Petrotoga(100) 291 0.4 424 0.5 146 0.1 151 0.2 500 0.8 239 0.4
Planococcaceae(63)
Pontibacter(100) 52 0.1 135 0.2
Proteobacteria(100) 614 0.8 801 0.9 4645 4.8 504 0.6 570 1.0 244 0.4
Pseudoalteromonas(100) 304 0.4 1004 1.1 457 14.3 379 0.4 18585 21.6 565 0.9 1263 2.2
Pseudomonas(97)
Rhizobiales(100) 74 0.1 112 0.1 134 0.1 95 0.1 92 0.2
Rhodobacteraceae(100) 2402 3.1 3175 3.4 14 0.4 3842 3.9 4315 5.0 1103 1.9 1498 2.7
Salegentibacter(100) 1626 2.1 10641 11.3 4 0.1 2746 2.8 1300 1.5 1246 2.1 1975 3.5
Spirochaeta(84) 67 0.1
Sulfitobacter(80) 62 0.1 280 0.3 67 0.1 103 0.1 83 0.1
Sulfurimonas(100) 4099 5.3 2198 2.3 103 3.2 6979 7.1 2502 2.9 2865 4.8 2901 5.1
Sulfurovum(100) 3732 4.8 3577 3.8 40 1.3 4365 4.5 4804 5.6 3437 5.8 2361 4.2
Synergistaceae(100) 192 0.2 103 0.1 401 0.4 246 0.3 251 0.4 504 0.9
43393735333129
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Table E-5. Pre-aeration 5-10’ subsurface samples DNA OTUs above 0.1%. 
 
Thalassospira(100) 62 0.1
Thioalkalimicrobium(100) 1991 2.6 1634 1.7 3054 3.1 1803 2.1 1657 2.8 1545 2.7
Thiohalophilus(56)
Thiomicrospira(92) 1154 1.5 585 0.6 895 0.9 741 0.9 876 1.5 1060 1.9
Tumebacillus(100)
unclassified(100) 6670 8.7 10545 11.2 11 0.3 6515 6.7 14754 17.2 6491 10.9 6726 11.9
Vibrio(93) 42 0.1 82 0.1 81 0.1 150 0.3
77102 100 93771 100 3196 100 97713 100 85939 100 59585 100 56389 100
Pre-aeration 5-10'
Name No. seq % No. seq % No. seq % No. seq % No. seq % No. Seq % No. seq %
Actinobacteria(100) 348 0.3 58 0.1 101 0.1
Alcanivorax(100) 72 0.1
Alphaproteobacteria(100) 183 0.4 566 0.5 1814 1.5
Aminobacterium(54)
Anaerolineaceae(100) 97 0.2 1255 1.2 210 0.2
Anaerophaga(100)
Anderseniella(99) 341 0.3
Bacillales(100)
Bacillus(54) 79 0.1
Bacteroidetes(100) 55 0.1 47 0.1 498 0.5 338 0.3
Bellilinea(53) 717 0.7 1579 1.5 2251 2.3 557 0.6 2353 2.3 2011 1.7
Blastopirellula(71) 88 0.1
Chloroflexi(100) 71 0.1
Clostridia(100)
Clostridiaceae_2(64) 51 0.1
Clostridiales(100) 128 0.1 321 0.3 300 0.3 100 0.1 133 0.3 1336 1.3 755 0.6
Clostridiales_Incertae_Sedis_XI(98)
Cobetia(94) 1491 1.4 2494 2.4 2844 2.9 254 0.3 1603 3.6 324 0.3 4771 4.0
Deltaproteobacteria(100) 1272 1.2 2904 2.8 2819 2.8 858 0.9 858 1.9 11679 11.3 9238 7.7
Desulfobacteraceae(100) 334 0.3 221 0.2 902 0.9 193 0.4 753 0.7 3630 3.0
Desulfobacterales(100) 80 0.1
Desulfobacterium(99) 36 0.1 311 0.3
Desulfomicrobium(100)
Desulfobulbaceae(100)
Desulfobulbus(95)
Desulfomonile(100)
Desulfosalsimonas(100) 346 0.3 71 0.1
Desulfotignum(89)
Desulfuromonadaceae(100) 294 0.3 193 0.2
Desulfuromonas(100)
Desulfuromusa(97)
Erythrobacter(100) 90 0.1 108 0.1
Erythrobacteraceae(100)
Firmicutes(100) 142 0.1 110 0.1
Gammaproteobacteria(100) 477 0.4 802 0.8 992 1.0 639 0.7 95 0.2 286 0.3 614 0.5
Gammaproteobacteria_family_incertae_sedis(100)1153 1.1 1221 1.2 1842 1.9 323 0.3 1572 3.6 1448 1.4 3859 3.2
Gp23(100) 167 0.2
Halobacillus(83) 108 0.1 206 0.2
Halomonadaceae(100)
Halomonas(97) 712 0.7 1144 1.1 1468 1.5 310 0.3 916 2.1 5701 5.5 2364 2.0
Halothiobacillus(100)
Hyphomicrobiaceae(98)
Idiomarina(100) 55 0.1 69 0.1 200 0.2
142 3 6 8 12 16
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Marinobacter(100) 6555 6.0 10684 10.4 18246 18.4 3550 3.7 10097 22.9 9768 9.5 24055 20.0
Mesonia(100) 105 0.1
Methylophaga(100) 379 0.3 404 0.4 509 0.5 126 0.1 242 0.5 309 0.3 1137 0.9
Myxococcales(100)
Pelobacter(58)
Petrotoga(100) 88 0.1 178 0.2 230 0.2 81 0.2 233 0.2
Phyllobacteriaceae(99)
Planococcaceae(70)
Proteobacteria(100) 10408 9.6 7681 7.5 3738 3.8 5629 5.9 7992 18.1 3029 2.9 3305 2.8
Pseudoalteromonas(100) 1319 1.2 2031 2.0 3206 3.2 486 0.5 1803 4.1 645 0.6 5323 4.4
Pseudomonas(97)
Psychromonas(100)
Rhizobiales(100) 357 0.4 59 0.1
Rhodobacteraceae(100) 26665 24.5 25979 25.2 20930 21.1 5296 5.5 1377 3.1 5074 4.9 3088 2.6
Rhodobiaceae(92)
Saccharospirillum(100) 264 0.2 211 0.2 154 0.2 123 0.1
Salegentibacter(100) 470 0.4 579 0.6 290 0.3 579 0.6 55 0.1 7447 7.2 1283 1.1
Smithella(89)
Spirochaeta(100) 116 0.1
Sporolactobacillaceae_incertae_sedis(100) 62 0.1 266 0.3 163 0.1
Streptomyces(66)
Sulfitobacter(83) 75 0.1
Sulfurimonas(100) 36886 33.9 31823 30.9 22075 22.2 65388 68.1 56 0.1 31420 30.5 17920 14.9
Sulfurovum(100) 8863 8.1 5914 5.7 6919 7.0 4248 4.4 1045 2.4 2994 2.9 6544 5.5
Synergistaceae(100) 90 0.1 65 0.1 24 0.1 109 0.1 719 0.6
Thioalkalimicrobium(100) 65 0.1
Thiohalobacter(99)
Thiomicrospira(100) 1901 1.7 2036 2.0 6336 6.4 3022 3.1 5214 11.8 7030 6.8 6611 5.5
unclassified 8384 7.7 4835.00 4.7 3460 3.5 3666 3.8 10286 23.3 6430 6.2 17699 14.7
Vibrio(94) 67 0.1 40 0.1 520 0.5 599 0.5
108904 100 103035 100 99319 100 96087 100 44104 100 103097 100 120069 100
Pre-aeration 5-10'
Name No. seq % No. seq % No. seq % No. seq % No. seq % No. seq % No. seq %
Actinobacteria(100) 61 0.1
Alcanivorax(100) 80 0.1 90 0.1 107 0.1
Alphaproteobacteria(100) 1125 1.6 170 0.3 23144 22.4 61 0.1 191 0.2 233 0.3
Aminobacterium(54) 50 0.1
Anaerolineaceae(100) 129 0.2 95 0.1 169 0.3 110 0.1 214 0.3 160 0.2 652 0.9
Anaerophaga(100) 43 0.1
Anderseniella(99) 50 0.1 122 0.2 121 0.1 84 0.1 48 0.1 184 0.2
Bacillales(100)
Bacillus(54)
Bacteroidetes(100) 48 0.1 38 0.1 194 0.3 199 0.2 386 0.5 530 0.7 381 0.5
Bellilinea(53) 219 0.3 54 0.1 178 0.3 141 0.2 60 0.1
Blastopirellula(71)
Chloroflexi(100) 45 0.1 92 0.1
Clostridia(100) 50 0.1 55 0.1
Clostridiaceae_2(64)
Clostridiales(100) 76 0.1 228 0.3 109 0.2 466 0.5 576 0.8 1198 1.5 528 0.7
Clostridiales_Incertae_Sedis_XI(98) 49 0.1 41 0.1
Cobetia(94) 182 0.2 199 0.3 133 0.2 1851 1.8 4709 6.7 5087 6.3 4069 5.4
Deltaproteobacteria(100) 908 1.2 875 1.3 511 0.8 1476 1.4 2684 3.8 4527 5.6 3642 4.8
Desulfobacteraceae(100) 162 0.2 93 0.1 105 0.2 382 0.4 339 0.5 1855 2.3 338 0.4
Desulfobacterales(100) 68 0.1 87 0.1
Desulfobacterium(99) 364 0.5 110 0.1 220 0.3 70 0.1 354 0.5
Desulfomicrobium(100)
Desulfobulbaceae(100) 43 0.1
24 26 28 3018 20 22
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Desulfobulbus(95) 46 0.1
Desulfomonile(100)
Desulfosalsimonas(100) 42 0.1 71 0.1 43 0.1 393 0.4 462 0.7 749 0.9 426 0.6
Desulfotignum(89)
Desulfuromonadaceae(100) 54 0.1 106 0.2 297 0.4 164 0.2
Desulfuromonas(100) 48 0.1
Desulfuromusa(97) 71 0.1
Erythrobacter(100) 269 0.3 51 0.1 36 0.1 91 0.1 81 0.1 63 0.1 82 0.1
Erythrobacteraceae(100) 43 0.1 125 0.2
Firmicutes(100) 95 0.1 61 0.1 119 0.2
Gammaproteobacteria(100) 793 1.0 56 0.1 162 0.2 257 0.4 309 0.4 344 0.5
Gammaproteobacteria_family_incertae_sedis(100)514 0.7 663 1.0 488 0.8 2402 2.3 3439 4.9 4151 5.1 4599 6.1
Gp23(100)
Halobacillus(83) 358 0.5 178 0.2 242 0.3 169 0.2 209 0.3
Halomonadaceae(100)
Halomonas(97) 315 0.4 585 0.9 365 0.6 1689 1.6 2625 3.7 2870 3.5 2294 3.0
Halothiobacillus(100) 96 0.1 38 0.1 58 0.1 409 0.6 207 0.3 391 0.5
Hyphomicrobiaceae(98) 41 0.1
Idiomarina(100) 139 0.1 249 0.4 193 0.2 300 0.4
Marinobacter(100) 2992 3.8 5033 7.4 2577 4.0 16663 16.1 28328 40.3 31910 39.4 25313 33.4
Mesonia(100) 146 0.1
Methylophaga(100) 344 0.4 449 0.7 191 0.3 1024 1.0 2828 4.0 2185 2.7 2485 3.3
Myxococcales(100)
Pelobacter(58) 51 0.1
Petrotoga(100) 63 0.1 399 0.6 437 0.5 250 0.3
Phyllobacteriaceae(99)
Planococcaceae(70) 40 0.1
Proteobacteria(100) 6666 8.5 7076 10.3 8091 12.6 945 0.9 350 0.5 154 0.2 844 1.1
Pseudoalteromonas(100) 482 0.6 718 1.0 366 0.6 2404 2.3 5708 8.1 5531 6.8 4129 5.4
Pseudomonas(97) 58 0.1 75 0.1
Psychromonas(100) 53 0.1
Rhizobiales(100) 101 0.1
Rhodobacteraceae(100) 12994 16.5 1190 1.7 456 0.7 2487 2.4 3833 5.5 4877 6.0 6541 8.6
Rhodobiaceae(92) 79 0.1 110 0.1 108 0.1
Saccharospirillum(100)
Salegentibacter(100) 1050 1.3 348 0.5 430 0.7 1183 1.1 841 1.2 2684 3.3 1787 2.4
Smithella(89)
Spirochaeta(100) 73 0.1
Sporolactobacillaceae_incertae_sedis(100) 54 0.1 371 0.4 286 0.4 318 0.4 202 0.3
Streptomyces(66)
Sulfitobacter(83) 116 0.1
Sulfurimonas(100) 27619 35.2 837 1.2 5029 7.8 892 0.9 268 0.4 79 0.1 594 0.8
Sulfurovum(100) 5941 7.6 3656 5.3 2127 3.3 6008 5.8 2906 4.1 2669 3.3 5500 7.3
Synergistaceae(100) 324 0.4 268 0.4 58 0.1 200 0.2 483 0.7 337 0.4 915 1.2
Thioalkalimicrobium(100) 11739 18.3
Thiohalobacter(99)
Thiomicrospira(100) 3672 4.7 20134 29.4 6149 9.6 17571 17.0 365 0.5 214 0.3 436 0.6
unclassified 12164 15.5 23928 35.0 24472 38.1 19492 18.9 5349 7.6 5689 7.0 6041 8.0
Vibrio(94) 169 0.2 68 0.1 559 0.5 494 0.7 441 0.5 489 0.6
78547 100 68457 100 64162 100 103182 100 70221 100 80994 100 75821 100
Pre-aeration 5-10'
Name No. seq % No. seq % No. seq % No. seq % No. seq % No. seq % No. seq %
Actinobacteria(100)
Alcanivorax(100) 43 0.1 180 0.2 84 0.1 75 0.1 88 0.1 38 0.1
Alphaproteobacteria(100) 726 0.9 401 0.5 138 0.1 1341 1.2 256 0.3 201 0.3 58 1.2
Aminobacterium(54)
Anaerolineaceae(100) 1252 1.6 217 0.3 661 0.6 489 0.5 240 0.4 21 0.4
40 42 4434 36 3832
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Anaerophaga(100) 70 0.1 75 0.1 3 0.1
Anderseniella(99) 377 0.5 216 0.3 250 0.3 396 0.4 126 0.1 102 0.2 21 0.4
Bacillales(100) 64 0.1 12 0.2
Bacillus(54) 70 0.1
Bacteroidetes(100) 3129 3.9 390 0.5 208 0.2 879 0.8 575 0.6 291 0.5 46 0.9
Bellilinea(53) 876 1.1 127 0.2 75 0.1 586 0.5 102 0.1 175 0.3 7 0.1
Blastopirellula(71)
Chloroflexi(100) 55 0.1 10 0.2
Clostridia(100) 48 0.1 81 0.1 143 0.2 28 0.6
Clostridiaceae_2(64)
Clostridiales(100) 1191 1.5 1054 1.3 464 0.5 2398 2.2 656 0.7 1063 1.7 25 0.5
Clostridiales_Incertae_Sedis_XI(98) 68 0.1 68 0.1 136 0.2 10 0.2
Cobetia(94) 815 1.0 4060 5.0 9217 9.7 4350 3.9 8461 9.1 2222 3.5 51 1.0
Deltaproteobacteria(100) 5937 7.5 3570 4.4 2788 2.9 5905 5.3 2770 3.0 3433 5.5 208 4.2
Desulfobacteraceae(100) 1092 1.4 213 0.3 220 0.2 1492 1.3 202 0.2 437 0.7 9 0.2
Desulfobacterales(100) 118 0.1 78 0.1 120 0.2
Desulfobacterium(99) 59 0.1 245 0.3 135 0.1 131 0.1 225 0.2 113 0.2 8 0.2
Desulfomicrobium(100) 66 0.1
Desulfobulbaceae(100) 104 0.1 35 0.1
Desulfobulbus(95) 59 0.1
Desulfomonile(100) 83 0.1 3 0.1
Desulfosalsimonas(100) 437 0.5 438 0.5 280 0.3 1043 0.9 332 0.4 841 1.3 28 0.6
Desulfotignum(89) 123 0.2 72 0.1
Desulfuromonadaceae(100) 441 0.6 247 0.3 154 0.2 456 0.4 154 0.2 209 0.3 7 0.1
Desulfuromonas(100) 59 0.1 33 0.1
Desulfuromusa(97)
Erythrobacter(100) 62 0.1 271 0.3 110 0.1 255 0.2 73 0.1 345 0.5 13 0.3
Erythrobacteraceae(100) 59 0.1 37 0.1 4 0.1
Firmicutes(100) 152 0.2 72 0.1 239 0.2 108 0.1 157 0.2 3 0.1
Gammaproteobacteria(100) 335 0.4 411 0.5 264 0.3 309 0.3 345 0.4 227 0.4 17 0.3
Gammaproteobacteria_family_incertae_sedis(100)2482 3.1 4511 5.6 5282 5.6 5151 4.7 5241 5.7 2768 4.4 331 6.6
Gp23(100) 337 0.4 131 0.2 55 0.1 101 0.1
Halobacillus(83) 151 0.2 246 0.3 247 0.3 274 0.2 209 0.2 170 0.3 34 0.7
Halomonadaceae(100) 53 0.1
Halomonas(97) 10098 12.7 2985 3.7 4183 4.4 8666 7.8 3345 3.6 1774 2.8 155 3.1
Halothiobacillus(100) 63 0.1 159 0.2 697 0.6 176 0.2 357 0.6 26 0.5
Hyphomicrobiaceae(98)
Idiomarina(100) 153 0.2 472 0.6 295 0.3 293 0.3 205 0.2 428 0.7 37 0.7
Marinobacter(100) 18027 22.7 29689 36.7 42150 44.4 34119 30.9 38022 41.0 21312 33.8 1317 26.4
Mesonia(100) 162 0.2 100 0.1 110 0.1 120 0.1
Methylophaga(100) 894 1.1 2737 3.4 1800 1.9 4224 3.8 2188 2.4 2128 3.4 127 2.5
Myxococcales(100) 54 0.1 120 0.2 5 0.1
Pelobacter(58) 3 0.1
Petrotoga(100) 255 0.3 541 0.6 252 0.2 368 0.4 245 0.4 15 0.3
Phyllobacteriaceae(99) 98 0.2
Planococcaceae(70) 50 0.1 5 0.1
Proteobacteria(100) 337 0.4 595 0.7 280 0.3 532 0.5 522 0.6 652 1.0 87 1.7
Pseudoalteromonas(100) 651 0.8 5407 6.7 9470 10.0 4710 4.3 7277 7.9 3965 6.3 227 4.6
Pseudomonas(97) 99 0.1 100 0.1 138 0.2 18 0.4
Psychromonas(100) 568 0.9 24 0.5
Rhizobiales(100) 63 0.1 36 0.1 3 0.1
Rhodobacteraceae(100) 9185 11.5 2306 2.8 3093 3.3 7930 7.2 5537 6.0 2502 4.0 495 9.9
Rhodobiaceae(92) 68 0.1 241 0.2 50 0.1
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Table E-7. Post-aeration cores DNA OTUs greater than 0.1%. 
 
Saccharospirillum(100)
Salegentibacter(100) 8530 10.7 3101 3.8 1354 1.4 7675 6.9 1728 1.9 821 1.3 287 5.8
Smithella(89) 51 0.1 3 0.1
Spirochaeta(100) 148 0.2 71 0.1 181 0.2 39 0.1 3 0.1
Sporolactobacillaceae_incertae_sedis(100)430 0.5 441 0.5 202 0.2 615 0.6 294 0.3 123 0.2 3 0.1
Streptomyces(66) 44 0.1
Sulfitobacter(83) 66 0.1
Sulfurimonas(100) 363 0.5 243 0.3 173 0.2 399 0.4 507 0.5 201 0.3 137 2.7
Sulfurovum(100) 1921 2.4 5232 6.5 4177 4.4 3801 3.4 4278 4.6 3760 6.0 179 3.6
Synergistaceae(100) 101 0.1 408 0.5 169 0.2 528 0.5 445 0.5 842 1.3 64 1.3
Thioalkalimicrobium(100) 3 0.1
Thiohalobacter(99) 3 0.1
Thiomicrospira(100) 2898 3.6 456 0.6 153 0.2 320 0.3 312 0.3 309 0.5 26 0.5
unclassified 4703 5.9 7833 9.7 6198 6.5 7560 6.8 6138 6.6 6998 11.1 662 13.3
Vibrio(94) 836 1.1 881 1.1 443 0.5 1024 0.9 551 0.6 1721 2.7 115 2.3
79566 100 80947 100 94903 100 110533 100 92635 100 62968 100 4986 100
Post-aeration cores
Name No.seq % No. seq% No. seq% No. seq% No. seq% No. seq% No. seq% No. seq% No. seq%
Acidimicrobiales(100)
Actinobacteria(100) 61 0.1 603 0.1 150 0.15 59 0.1 128 0.2 154 0.1
Actinomycetales(100)
Agromyces(98) 169 0.3 224 0.2
Alphaproteobacteria(100) 3358 3.2 2081 3.6 9896 2.2 1468 2.8 3651 3.7 5124 2.2 2173 3.5 851 1.0 4815 3.8
Anaerolineaceae(100) 604 0.6 448 0.8 3936 0.9 429 0.8 3008 3.1 2158 0.9 4992 7.9 1031 1.3 207 0.2
Anderseniella(91) 95 0.1
Bacillaceae_1(54) 89 0.2 120 0.2 66 0.1 306 0.1 204 0.3 45 0.1 74 0.1
Bacillaceae_2(92) 244 0.1 55 0.1
Bacillales(100) 57 0.1
Bacteriovorax(100)
Bacteroidetes(100) 98 0.1 47 0.1 267 0.4 100 0.1
Bellilinea(51)
Betaproteobacteria(100) 56 0.1 63 0.1 104 0.2
Chitinophagaceae(94)
Chloroflexi(100) 33 0.1 129 0.1 45 0.1
Clostridiales(100)
Clostridiales_Incertae_Sedis_XI(99)
Clostridium_sensu_stricto(99) 618 0.6 278 0.5 1023 0.2 170 0.3 339 0.3 315 0.1 481 0.8 185 0.2 339 0.3
Corallococcus(54)
Corynebacterium(100) 69 0.1
Deltaproteobacteria(100) 2192 2.1 1816 3.1 6784 1.5 4230 7.9 3560 3.6 16965 7.2 5162 8.2 1783 2.2 7390 5.8
Desulfobacteraceae(100) 526 0.5 1675 2.9 2839 0.6 890 1.7 856 0.9 887 1.4 869 1.1 2093 1.6
Desulfobacterium(99) 840 0.8 1410 0.3 63 0.1 393 0.4 223 0.1 68 0.1 124 0.2 496 0.4
Desulfobulbaceae(87) 138 0.2 1118 0.2 48 0.1 270 0.3 246 0.1 84 0.1 171 0.2
Desulfobulbus(100) 540 0.9 2935 0.6 69 0.1 147 0.1 221 0.2
Desulfopila(82)
Desulfosalsimonas(100) 63 0.1
Desulfosarcina(100) 239 0.2 56 0.1 389 0.4 70 0.1 394 0.3
Desulfotignum(95) 229 0.2 114 0.1
Desulfuromonadaceae(100) 1459 1.4 238 0.4 1606 0.4 174 0.3 1218 1.2 360 0.2 247 0.4 288 0.4 833 0.7
Desulfuromonas(100) 258 0.1
Desulfuromusa(98)
Ectothiorhodospiraceae(60)
Enhygromyxa(81) 63 0.1
Ensifer(55)
Erythrobacter(100)
Erythrobacteraceae(100) 35 0.1 178 0.1
Flammeovirgaceae(99)
Firmicutes(100)
56 57 58 59 60 61 62 63 64
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Gammaproteobacteria(100) 7069 6.7 10936 18.7 15319 3.3 1930 3.6 5693 5.8 6145 2.6 2101 3.3 4220 5.2 16487 13.0
Gammaproteobacteria_family_incertae_sedis(100)6081 5.8 4516 7.7 37801 8.2 6925 13.0 4073 4.1 33031 14.1 5202 8.3 8329 10.2
Gp10(100) 87 0.1
Gp21(100) 111 0.2
Gp22(100) 58 0.1
Gp23(100) 439 0.1 65 0.1 144 0.1 100 0.2 114 0.1 84 0.1
Gracilimonas(100) 66 0.1 164 0.3 143 0.1 179 0.3 200 0.2
Haliea(100)
Halobacillus(98) 81 0.1 141 0.3 746 0.3 224 0.4
Halomonas(99) 26929 25.7 18178 31.1 193097 42.1 17473 32.8 24031 24.5 93241 39.8 19784 31.4 31835 39.1 33911 26.6
Halothiobacillus(100) 244 0.2 204 0.3 2664 0.6 170 0.3 130 0.1 1147 0.5 279 0.4 410 0.5 339 0.3
Hyphomicrobiaceae(99) 418 0.8 341 0.1 57 0.1
Idiomarina(100) 1279 1.2 1792 3.1 27514 6.0 2080 3.9 1471 1.5 11035 4.7 2786 4.4 4319 5.3 3432 2.7
Ignavibacterium(100) 277 0.1 42 0.1
Ilumatobacter(100)
Jeotgalibacillus(85) 489 0.1 110 0.2 51 0.1 243 0.1 277 0.4 69 0.1 97 0.1
Lutimonas(61)
Marinobacter(100) 4226 4.0 1790 3.1 20932 4.6 1390 2.6 2819 2.9 5825 2.5 1226 1.9 3019 3.7 3383 2.7
Methylomonas(86) 98 0.2 0 41 0.1
Methylophaga(100) 183 0.2
Myxococcales(100) 106 0.2 603 0.1 165 0.2
Nocardioidaceae(100)
Oceanicola(66) 6235 6.0 44 0.1 3156 0.7 101 0.2 1204 1.2 185 0.1 219 0.3 286 0.4 1592 1.3
Parachlamydiaceae(97)
Pelobacter(73)
Peredibacter(100)
Planctomyces(100)
Planctomycetaceae(100) 111 0.2 61 0.1
Planococcaceae(96) 16600 15.8 2852 4.9 24278 5.3 3259 6.1 23007 23.4 10551 4.5 3091 4.9 5395 6.6 24121 19.0
Pontibacter(100)
Proteobacteria(100) 766 0.7 388 0.7 1441 0.3 408 0.8 924 0.9 1094 0.5 324 0.5 180 0.2 805 0.6
Rhizobiales(100) 47 0.1 139 0.1 50 0.1
Rhodobacteraceae(100) 2758 2.6 500 0.9 10945 2.4 469 0.9 1675 1.7 1345 0.6 558 0.9 1500 1.8 2262 1.8
Rhodobiaceae(95) 139 0.1
Rhodospirillales(100) 115 0.2 83 0.1 40 0.1 131 0.1
Rhodothermaceae(61)
Salegentibacter(100) 114 0.1 111 0.1 41 0.1
Salinimicrobium(100)
Salisaeta(76)
Spirochaeta(99)
Sporolactobacillaceae_incertae_sedis(94)132 0.1 63 0.1 213 0.1 142 0.2 212 0.2
Staphylococcus(97)
Sulfitobacter(93)
Sulfurimonas(100) 34 0.1
Sulfurovum(100) 1087 1.0 177 0.3 3832 0.8 196 0.4 812 0.8 731 0.3 324 0.5 234 0.3 921 0.7
Thermotogaceae(100)
Thiohalobacter(81)
Thiohalophilus(63) 1416 1.4 3062 5.2 9458 2.1 3720 7.0 1401 1.4 17350 7.4 2705 4.3 1499 1.8 1734 1.4
unclassified(100) 19468 18.6 5895 10 73466 16 6209 12 16443 17 24379 10 7904 13 14140 17 20224 16
1E+05 100 58459 100 458363 100 53289 99.9 98188 100 2E+05 100 62979 100 81400 100 1E+05 100
Post-aeration cores
Name No. seq% No. Seq.% No. Seq.% No. Seq.% No. Seq.% No. Seq.% No. Seq.% No. Seq.% No. Seq.%
Acidimicrobiales(100) 120 0.2 201 0.5 315 0.6
Actinobacteria(100) 58 0.1 2213 3.1 85 0.1
Actinomycetales(100)
Agromyces(98)
Alphaproteobacteria(100) 3431 3.8 9219 7.4 1931 1.9 1298 1.7 12259 17.2 10991 18.4 13346 21.4 3597 8.1 2170 4.2
Anaerolineaceae(100) 1274 1.4 1397 1.1 4070 4.0 2278 2.9 2721 3.8 1533 2.6 3076 4.9 2941 6.6 2780 5.4
Anderseniella(91)
Bacillaceae_1(54) 211 0.2
Bacillaceae_2(92)
Bacillales(100)
Bacteriovorax(100) 48 0.1 117 0.1 42 0.1 73 0.1
65 67 68 70 71 72 74 75 76
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Bacteroidetes(100) 47 0.1 358 0.3 1073 1.1 536 0.7 173 0.2 239 0.4 47 0.1
Bellilinea(51) 320 0.3 69 0.1
Betaproteobacteria(100) 87 0.1 54 0.1 270 0.5
Chitinophagaceae(94)
Chloroflexi(100) 46 0.1 199 0.3 397 0.7 2440 3.9 3116 7.0 1037 2.0
Clostridiales(100)
Clostridiales_Incertae_Sedis_XI(99)
Clostridium_sensu_stricto(99) 151 0.2 127 0.1 83 0.1 244 0.3 443 0.6 2155 3.6 656 1.1 223 0.5 242 0.5
Corallococcus(54) 29 0.1
Corynebacterium(100)
Deltaproteobacteria(100) 5577 6.2 3670 2.9 6187 6.1 2918 3.7 488 0.7 407 0.7 418 0.9 697 1.4
Desulfobacteraceae(100) 1933 2.2 2727 2.2 1102 1.1 347 0.4 721 1.0 240 0.4 61 0.1 281 0.5
Desulfobacterium(99) 70 0.1 58 0.1 61 0.1 25 0.1 52 0.1
Desulfobulbaceae(87) 67 0.1 115 0.2 31 0.1
Desulfobulbus(100) 420 0.5 673 0.5 465 0.5 102 0.1
Desulfopila(82)
Desulfosalsimonas(100)
Desulfosarcina(100)
Desulfotignum(95)
Desulfuromonadaceae(100) 668 0.7 628 0.5 263 0.3 88 0.1 6411 9.0 117 0.2 96 0.2 92 0.2
Desulfuromonas(100) 40 0.1
Desulfuromusa(98)
Ectothiorhodospiraceae(60) 26 0.1 296 0.6
Enhygromyxa(81) 112 0.1 401 0.6 100 0.2 30 0.1
Ensifer(55) 73 0.1
Erythrobacter(100)
Erythrobacteraceae(100)
Flammeovirgaceae(99)
Firmicutes(100) 50 0.1 70 0.2 26 0.1
Gammaproteobacteria(100) 2888 3.2 5036 4.0 4915 4.8 13726 17.5 2528 4.2 9015 14.5 2451 5.5 3583 7.0
Gammaproteobacteria_family_incertae_sedis(100)9017 10.0 10276 8.2 2855 2.8 2289 2.9 3615 5.1 13692 22.9 15420 24.7 12318 27.8 15526 30.3
Gp10(100)
Gp21(100) 29 0.1 154 0.3
Gp22(100)
Gp23(100) 128 0.1 95 0.2 92 0.2 319 0.6
Gracilimonas(100) 112 0.1 875 0.7 1575 1.6 774 1.0 1123 1.6 3973 6.6 3251 5.2 2581 5.8 916 1.8
Haliea(100) 44 0.1
Halobacillus(98) 342 0.4 273 0.2 82 0.1 85 0.1
Halomonas(99) 31160 34.7 40985 32.8 26119 25.7 13631 17.4 1129 1.6 53 0.1
Halothiobacillus(100) 418 0.5 1025 0.8 207 0.2
Hyphomicrobiaceae(99) 101 0.1 662 1.1 481 1.1 795 1.5
Idiomarina(100) 3030 3.4 4621 3.7 2031 2.0 1265 1.6
Ignavibacterium(100) 77 0.1 370 0.6 1508 2.4 822 1.9 317 0.6
Ilumatobacter(100)
Jeotgalibacillus(85) 138 0.2 82 0.1 64 0.1 25 0.1
Lutimonas(61)
Marinobacter(100) 1398 1.6 998 0.8 1114 1.1 1793 2.3 1587 2.2 1560 2.6 671 1.1 298 0.7 332 0.6
Methylomonas(86) 57 0.1 80 0.1
Methylophaga(100) 726 0.7 187 0.2 139 0.2 203 0.3 45 0.1
Myxococcales(100) 69 0.1 95 0.1
Nocardioidaceae(100)
Oceanicola(66) 379 0.4 443 0.4
Parachlamydiaceae(97)
Pelobacter(73)
Peredibacter(100) 83 0.1 31 0.1 259 0.5
Planctomyces(100)
Planctomycetaceae(100) 204 0.2 428 0.4 286 0.5 85 0.2 65 0.1
Planococcaceae(96) 6026 6.7 6287 5.0 6418 6.3 578 0.7 1202 1.7 455 0.7 162 0.4 213 0.4
Pontibacter(100) 0.0
Proteobacteria(100) 457 0.5 489 0.4 699 0.7 5768 7.4 4450 6.3 975 1.6 283 0.5 89 0.2 181 0.4
Rhizobiales(100) 194 0.2 442 0.4 819 0.8 298 0.4 89 0.1
Rhodobacteraceae(100) 877 1.0 655 0.5 981 1.0 99 0.1 52 0.1 153 0.3 120 0.2
Rhodobiaceae(95)
Rhodospirillales(100) 160 0.2
98 
 
 
 
Rhodothermaceae(61) 81 0.1 113 0.1 63 0.1
Salegentibacter(100)
Salinimicrobium(100)
Salisaeta(76)
Spirochaeta(99) 68 0.1
Sporolactobacillaceae_incertae_sedis(94)
Staphylococcus(97) 36 0.1
Sulfitobacter(93) 47 0.1 519 0.7 115 0.2 101 0.2
Sulfurimonas(100)
Sulfurovum(100) 511 0.6 460 0.4 93 0.1 68 0.1
Thermotogaceae(100) 447 1 194 0 191 0
Thiohalobacter(81) 111 0
Thiohalophilus(63) 4518 5.0 6024 4.8 996 1.0 402 0.5 762 1.1 489 0.8 699 1.1 543 1.2 303 0.6
unclassified(100) 13906 15 26498 21 35577 35 29092 37 30868 43 21217 35 7565 12 12749 29 19478 38
89883 100 1E+05 100 1E+05 100 78231 100 71132 100 59880 100 62326 100 44265 100 51318 100
Post-aeration cores
Name No. Seq.% No. Seq.% No. Seq.% No. Seq.% No. Seq.% No. Seq.% No. Seq.% No. Seq.% No. Seq.% No. Seq.%
Acidimicrobiales(100) 88 0.1 74 0.1 0.1
Actinobacteria(100) 238 0.4 305 0.3 285 0.3 403 0.5 146 0.2
Actinomycetales(100) 141 0.6 145 0.2 175 0.2 267 0.3
Agromyces(98) 34 0.1
Alphaproteobacteria(100) 2366 3.1 1924 1.7 471 0.5 188 0.8 200 0.3 3780 4.3 16460 16.5 5307 7.1 3633 4.3 1029 1.7
Anaerolineaceae(100) 4226 5.6 12470 11.0 1024 1.2 175 0.7 153 0.2 210 0.2 544 0.5 955 1.3 751 0.9 206 11.0
Anderseniella(91)
Bacillaceae_1(54)
Bacillaceae_2(92)
Bacillales(100)
Bacteriovorax(100) 329 0.3 46 0.1 0.3
Bacteroidetes(100) 100 0.1 408 0.5 362 0.4 72 0.1 262 0.1
Bellilinea(51)
Betaproteobacteria(100) 40 0.1 176 0.2 18 0.1 55 0.1 71 0.1 164 0.2 620 0.7 0.2
Chitinophagaceae(94) 63 0.1 99 0.1 41 0.2 71 0.1 407 0.4 291 0.4 0.1
Chloroflexi(100) 152 0.2 641 0.6 369 0.4 51 0.2 118 0.2 81 0.1 1457 1.5 771 1.0 3502 4.1 10158 0.6
Clostridiales(100) 803 0.7 5668 6.5 1041 4.2 4251 6.8 4383 5.0 1550 1.6 465 0.6 752 0.9 423 0.7
Clostridiales_Incertae_Sedis_XI(99) 74 0.1 290 0.3
Clostridium_sensu_stricto(99) 47 0.1 396 0.3 58 0.1 179 0.7 402 0.6 1216 1.4 544 0.5 1059 1.4 17450 20.6 617 0.3
Corallococcus(54) 45 0.1 369 0.4
Corynebacterium(100) 377 1.5 1890 3.0 1639 1.9 4651 4.7 3851 5.2 1682 2.0 944
Deltaproteobacteria(100) 2715 3.6 3370 3.0 16701 19.2 8184 33.4 21323 34.3 21494 24.5 17972 18.1 21183 28.4 20314 24.0 14866 3.0
Desulfobacteraceae(100) 81 0.1 1048 0.9 940 1.1 196 0.8 200 0.3 178 0.2 149 0.1 153 0.2 507 0.6 16293 0.9
Desulfobacterium(99) 95 0.1 62 0.3 113 0.2 595 0.6 420 0.6 853 1.0 1922
Desulfobulbaceae(87) 201 0.2 72 0.1 28 0.1 382 0.6 247 0.3 110 0.1 53 0.1 330 0.4 0.2
Desulfobulbus(100)
Desulfopila(82) 24 0.1
Desulfosalsimonas(100) 73 0.1
Desulfosarcina(100) 81 0.1 282 0.3 118 0.1
Desulfotignum(95)
Desulfuromonadaceae(100) 41 0.1 763 0.7 582 0.7 146 0.6 152 0.2 50 0.7
Desulfuromonas(100) 244 1.0 409 0.7 234 0.3 93 0.1
Desulfuromusa(98) 84 0.3 79 0.1 113 0.1 56 0.1
Ectothiorhodospiraceae(60) 107 0.1 715 0.6 219 0.3 842 0.6
Enhygromyxa(81) 134 0.1 0.1
Ensifer(55) 289 0.3
Erythrobacter(100) 174 0.2 69 0.1 914
Erythrobacteraceae(100)
Flammeovirgaceae(99) 92 0.1 48 0.1 229 0.9 80 0.1 11230 12.8 13058 13.1 1478 2.0 1227 1.4 970 0.1
Firmicutes(100)
Gammaproteobacteria(100) 8312 11.0 3227 2.8 2185 2.5 1945 7.9 12020 19.3 4804 5.5 5435 5.5 3227 4.3 6559 7.7 5049 2.8
Gammaproteobacteria_family_incertae_sedis(100)31993 42.4 27979 24.6 1075 1.2 343 1.4 778 1.3 4708 5.4 1427 1.4 261 0.3 362 0.4 69 24.6
Gp10(100) 943 1.1 227 0.9 125 0.2 2666 3.0 3315 3.3 2930 3.9 1968 2.3 106
Gp21(100) 60 0.1 42 0.1
Gp22(100) 184 0.8 94 0.2 76 0.1
Gp23(100) 153 0.2 82 0.1 58 0.1 0.1
87 88 8977 78 85 8682 83 84
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Table E-8. Reference samples DNA OTUs greater than 0.1%. 
 
Gracilimonas(100) 1321 1.8 562 0.5 52 0.1 72 0.1 0.5
Haliea(100)
Halobacillus(98)
Halomonas(99) 76 0.1 71 0.1 72 0.1 229 0.1
Halothiobacillus(100)
Hyphomicrobiaceae(99) 9746 12.9 8589 7.5 15403 17.7 1659 6.8 5336 8.6 1350 1.5 550 0.6 201 0.3 53 0.1 7.5
Idiomarina(100) 242 0.3 226 0.3
Ignavibacterium(100) 263 0.3 207 0.2 2103 2.4 619 2.5 244 0.4 0.2
Ilumatobacter(100) 56 0.1 46 0.1
Jeotgalibacillus(85)
Lutimonas(61) 94 0.1
Marinobacter(100) 1488 2.0 829 0.7 1338 1.5 1505 6.1 1560 2.5 521 0.6 135 0.1 0.7
Methylomonas(86)
Methylophaga(100)
Myxococcales(100)
Nocardioidaceae(100) 597 0.6 217 0.3 287 0.3
Oceanicola(66)
Parachlamydiaceae(97) 72 0.1
Pelobacter(73) 52 0.1
Peredibacter(100) 206 0.3 1994 1.8 8904 10.2 373 1.5 222 0.4 176 0.2 73 0.1 1.8
Planctomyces(100) 85 0.1 330 0.3 211 0.3 254 0.3
Planctomycetaceae(100)
Planococcaceae(96) 120 0.2 158 0.1 61 0.1 53 0.1 0.1
Pontibacter(100) 73 0.1 2089 2.1 436 0.6 511 0.6 672
Proteobacteria(100) 60 0.1 199 0.2 2979 3.4 618 2.5 303 0.5 280 0.3 189 0.2 443 0.6 103 0.1 116 0.2
Rhizobiales(100) 91 0.1 173 0.2 119 0.1 565
Rhodobacteraceae(100) 162 0.2 130 0.1 1721 2.0 39 0.2 0.1
Rhodobiaceae(95)
Rhodospirillales(100) 46 0.2 60 0.1 61 0.1 581
Rhodothermaceae(61) 58 0.1 141 0.2
Salegentibacter(100) 118
Salinimicrobium(100) 67 0.1
Salisaeta(76) 73 0.1 157 0.2
Spirochaeta(99)
Sporolactobacillaceae_incertae_sedis(94) 91 0.1
Staphylococcus(97) 330 0.3 236 0.3 201 0.2 132 0.2 0.3
Sulfitobacter(93) 44 0.1 63 0.1 92 0.1 0.1
Sulfurimonas(100)
Sulfurovum(100) 466 0.4 157 0.2 0.4
Thermotogaceae(100) 920 1 6866 6.0 815 0.9 110 0.4 56 0.1 68 0.1 6.0
Thiohalobacter(81) 181 0.2 429 0.5 37 0.2 0.2
Thiohalophilus(63) 311 0.4 8673 7.6 195 0.2 265 0.4 74 0.1 7.6
unclassified(100) 10382 14 29798 26 21523 25 5400 22 10928 18 27557 31 26639 27 28835 39 20253 24 31904 26
75404 100 113789 100 87055 100 24513 100 62228 100 87902 100 99553 100 74582 100 84798 100 89023 100
Reference samples
Phyltoype No. seq % No. Seq. % No. Seq. % No. Seq. % No. Seq. % No. Seq. %
Actinobacteria(100) 412 0.3 81 0.1 138 0.3 635 0.9
Alishewanella(100) 497 0.4 110 0.1 635 0.9 1674 0.9
Alphaproteobacteria(100) 78 0.2 132 0.2 132 0.2 255 0.1
Alteromonadales(100) 44 0.1 44 0.1
Anaerolineaceae(100) 1291 1.0 17648 20.5 11443 24.1 5866 8.7 5866 8.7 2999 1.5
Arthrobacter(90) 36 0.1 91 0.1 91 0.1
Bacillaceae_2(93) 1091 0.8 253 0.3 53 0.1
Bacillales(100) 2554 2.0 788 0.9 1377 2.9 664 1.0 664 1.0 23331 11.9
Bacillus(88)
Bacteroidetes(100) 109 0.1 116 0.1
Bauldia(90) 141 0.1
Betaproteobacteria(100) 145 0.2 145 0.2 984 0.5
Caldithrix(100) 38 0.1 38 0.1 159 0.1
Clostridiales(100) 952 0.7 2332 2.7 6280 13.2 639 0.9 639 0.9 1662 0.8
Clostridium_sensu_stricto(93) 107 0.1
Corallococcus(88) 171 0.1
Deltaproteobacteria(100) 1504 1.2 117 0.1 52 0.1 1251 1.9 1251 1.9 2958 1.5
Desulfobacteraceae(100) 1236 1.0 494 0.6 524 1.1 219 0.3 219 0.3 1441 0.7
9590 91 92 93 94
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Desulfobulbaceae(100) 3374 2.6 1431 1.7 2297 4.8 1260 1.9 1260 1.9 1410 0.7
Desulfomonile(100)
Desulfosalsimonas(100) 112 0.1 79 0.1
Desulfuromonadaceae(100) 5523 4.3 1261 1.5 467 1.0 1367 2.0 1367 2.0 3569 1.8
Desulfuromonas(91) 72 0.1
Firmicutes(100) 66 0.1 66 0.1 417 0.2
Gammaproteobacteria(100) 449 0.3 127 0.1 183 0.3 183 0.3 334 0.2
Gammaproteobacteria_family_incertae_sedis(100)404 0.3
Gp6(100) 222 0.1
Gp15(100) 93 0.1 93 0.1 214 0.1
Gp21(100)
Halobacillus(96) 2747 2.1 1056 1.2 140 0.3 145 0.2 145 0.2 852 0.4
Halomonas(98) 867 0.7 180 0.2 149 0.2 149 0.2 154 0.1
Halothiobacillus(100) 683 0.5 124 0.1 33 0.1 45 0.1 45 0.1 249 0.1
Hyphomicrobiaceae(100) 1504 1.2 515 0.6 246 0.5 28965 43.0 28965 43.0 28808 14.7
Hyphomicrobium(91) 100 0.1
Idiomarina(98) 625 0.5 135 0.2 198 0.4 343 0.2
Jeotgalibacillus(84) 1405 1.1 289 0.3 531 1.1
Marinobacter(100) 26661 20.7 8681 10.1 10764 22.7 577 0.9 577 0.9 574 0.3
Methylophaga(100) 1228 1.0 192 0.2 186 0.4
Micromonosporaceae(100) 108 0.1
Nocardioidaceae(100) 126 0.1 99 0.1 99 0.1 214 0.1
Oxalobacteraceae(87) 111 0.1 39 0.1 53 0.1 53 0.1
Paracoccus(55)
Planococcaceae(91) 75 0.1 197 0.3 197 0.3 1392 0.7
Planomicrobium(77) 24052 18.6 27591 32.1 2794 5.9 227 0.3 227 0.3 792 0.4
Pontibacter(100) 68 0.1 88 0.2 764 1.1 764 1.1 1338 0.7
Proteobacteria(100) 986 0.8 146 0.2 819 1.7 4664 6.9 4664 6.9 34682 17.6
Pseudomonas(97) 268 0.2 1420 1.7 247 0.5 179 0.3 179 0.3 502 0.3
Rhizobiaceae(82)
Rhizobiales(100) 2600 2.0 2550 3.0 185 0.4 338 0.5 338 0.5 1324 0.7
Rhodobacteraceae(100) 1042 0.8 302 0.4 221 0.5 179 0.3 179 0.3 282 0.1
Rhodospirillales(100) 197 0.2
Salegentibacter(98) 1928 1.5 762 0.9 1910 4.0 1326 2.0 1326 2.0 3808 1.9
Salinimicrobium(100) 5497 4.3 1368 1.6 854 1.8 545 0.8 545 0.8 2033 1.0
Sporolactobacillaceae_incertae_sedis(83)2569 2.0 1444 1.7 717 1.5 1402 2.1 1402 2.1 2700 1.4
Sporosarcina(51) 491 0.4 59 0.1 343 0.7 248 0.4 248 0.4 309 0.2
Sulfitobacter(97) 5694 4.4 1869 2.2 800 1.7 1501 2.2 1501 2.2 4679 2.4
Sulfurovum(100) 13980 10.8 2190 2.5 1391 2.9 456 0.7 456 0.7 33197 16.9
Thiomicrospira(100) 485 0.4 1532 1.8
unclassified(100) 12997 10.1 8785 10.2 2174 4.6 12548 18.6 12548 18.6 36618 18.6
Zobellella(84)
129093 100 85911 100 47425 100.0 67300 100.0 67300 100 196595
Reference samples
Phyltoype No. Seq. % No. Seq. % No. Seq. % No. Seq. % No. Seq. % No. Seq. %
Actinobacteria(100) 184 0.1 77 0.1 100 0.1 382 0.2
Alishewanella(100) 984 4.3 5679 1.6 3847 1.8 6600 12.5 27104 29.4 7263 3.2
Alphaproteobacteria(100) 219 0.1
Alteromonadales(100)
Anaerolineaceae(100) 65 0.3 5631 1.6 1174 0.5 548 1.0 476 0.5 1411 0.6
Arthrobacter(90)
Bacillaceae_2(93)
Bacillales(100) 396 1.7 10669 3.1 2383 1.1 166 0.3 126 0.1
Bacillus(88) 201 0.1
Bacteroidetes(100) 401 0.1 148 0.3 91 0.1 646 0.3
Bauldia(90)
Betaproteobacteria(100) 296 1.3 17438 5.0 105775 48.3 5256 10.0 1650 1.8 8377 3.7
Caldithrix(100)
Clostridiales(100) 616 2.7 5652 1.6 805 0.4 532 1.0 448 0.5 16439 7.2
Clostridium_sensu_stricto(93)
Corallococcus(88)
Deltaproteobacteria(100) 39 0.2 4124 1.2 621 0.3 1193 2.3 1513 1.6 1991 0.9
Desulfobacteraceae(100) 15 0.1 1700 0.5 864 0.4 169 0.3 322 0.3 2489 1.1
99 100 10196 97 98
101 
 
  
Desulfobulbaceae(100) 2817 12.4 24172 7.0 1722 0.8 611 1.2 422 0.5 3605 1.6
Desulfomonile(100) 44 0.1 127 0.1
Desulfosalsimonas(100) 357 0.1 38 0.1 4311 4.7 19282 8.4
Desulfuromonadaceae(100) 58 0.3 3994 1.2 1346 0.6 286 0.5 5795 6.3 2261 1.0
Desulfuromonas(91)
Firmicutes(100) 21 0.1 790 0.2 192 0.1
Gammaproteobacteria(100) 988 0.3 133 0.3 62 0.1 665 0.3
Gammaproteobacteria_family_incertae_sedis(100)
Gp6(100) 161 0.7 5187 1.5 490 0.2 150 0.3 557 0.6 1156 0.5
Gp15(100) 26 0.1 1722 0.5
Gp21(100) 43 0.1
Halobacillus(96) 18 0.1 1779 0.5 125 0.1 152 0.3 71 0.1
Halomonas(98)
Halothiobacillus(100) 260 0.1
Hyphomicrobiaceae(100) 13712 60.1 86699 25.1 9738 4.4 519 1.0 316 0.3 1693 0.7
Hyphomicrobium(91)
Idiomarina(98) 14 0.1
Jeotgalibacillus(84)
Marinobacter(100) 325 0.1
Methylophaga(100) 57 0.1
Micromonosporaceae(100)
Nocardioidaceae(100) 182 0.1 132 0.1 101 0.2 305 0.3 29125 12.7
Oxalobacteraceae(87)
Paracoccus(55) 41 0.1 73 0.1 263 0.1
Planococcaceae(91) 1161 0.3 206 0.1 325 0.6 2068 2.2 4478 2.0
Planomicrobium(77) 17 0.1 1927 0.6 171 0.3
Pontibacter(100) 52 0.2 7731 2.2 462 0.2 708 1.3 510 0.6 618 0.3
Proteobacteria(100) 491 2.2 59062 17.1 61596 28.1 23688 45.0 38456 41.7 79651 34.9
Pseudomonas(97) 21 0.1 10889 3.2 1491 0.7 1015 1.9 745 0.8 2181 1.0
Rhizobiaceae(82) 283 0.1 79 0.1 1044 0.5
Rhizobiales(100) 31 0.1 4993 1.4 381 0.2 206 0.4 473 0.5 1159 0.5
Rhodobacteraceae(100) 2162 0.6 127 0.1 106 0.2 63 0.1 120 0.1
Rhodospirillales(100)
Salegentibacter(98) 92 0.4 14022 4.1 3917 1.8 230 0.4 85 0.1 522 0.2
Salinimicrobium(100) 34 0.1 1172 0.3 504 0.2
Sporolactobacillaceae_incertae_sedis(83)35 0.2 8181 2.4 445 0.2 2340 4.4 770 0.8 836 0.4
Sporosarcina(51) 39 0.2 5487 1.6 834 0.4
Sulfitobacter(97) 101 0.4 1089 0.3 154 0.1 60 0.1 76 0.1 7845 3.4
Sulfurovum(100) 832 3.6 4318 1.2 329 0.2 66 0.1
Thiomicrospira(100)
unclassified(100) 1821 8.0 45045 13.0 20129 9.2 6948 13.2 5149 5.6 31613 13.8
Zobellella(84) 283 0.1
22804 100.0 345550 100 219093 52670 92273 100 228546 100
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Appendix F: Microcosm Nutrient & Electron Acceptors data 
Table F-1. Ammonia, orthophosphate, and sulfate concentrations at weeks 6 and 9. 
 
 
  
ID NH3 P SO4 ID NH3 P SO4
A1.6b 5.5 5.521 2425 A1.6o 0.6 11.009 643
A2.6b 5.8 5.775 548 A2.6o -0.7 4.997 476
A3.6b 6.9 6.950 532 A3.6o 7.0 8.217 606
B1.6b 16.0 15.952 487 B1.6o 6.1 6.813 320
B2.6b 14.3 14.284 516 B2.6o 9.8 52.597 342
B3.6b 9.9 9.866 635 B3.6o 7.6 48.334 159
C1.6b 0.1 0.097 1521 C1.6o 4.5 0.255 1369
C2.6b 0.1 0.088 1370 C2.6o 7.6 0.178 1555
C3.6b 0.2 0.183 1340 C3.6o 5.6 0.252 1379
D1.6b 0.1 0.065 1349 D1.6o 4.8 0.116 2905
D2.6b 0.2 0.244 1329 D2.6o 3.6 0.152 2905
D3.6b 0.2 0.195 1341 D3.6o 4.1 0.114 2793
E1.6b 0.3 0.342 1442 E1.6o 2.6 0.120 3163
E2.6b 0.1 0.134 1210 E2.6o 5.3 0.174 3145
E3.6b 0.5 0.508 1624 E3.6o 3.6 0.168 3152
PE13-6 weeks DC15-6weeks
ID NH3 P SO4 ID NH3 P SO4
A1.9b 5.1 0.936 1753 A1.9o 3.4 0.932 546
A2.9b 1.9 1.246 525 A2.9o 2.2 0.904 445
A3.9b 2.3 1.223 475 A3.9o 3.2 0.739 572
B1.9b 16.4 1.771 461 B1.9o 3.0 4.703 73
B2.9b 18.0 1.432 498 B2.9o 2.0 4.096 68
B3.9b 15.9 2.422 464 B3.9o 4.6 4.646 78
C1.9b 1.9 0.289 1306 C1.9o 5.5 0.200 1449
C2.9b 2.9 0.284 1243 C2.9o 3.9 0.126 1376
C3.9b 1.7 0.398 1196 C3.9o 3.8 0.157 1272
D1.9b 2.2 0.285 1193 D1.9o 4.1 0.199 2733
D2.9b 2.9 0.376 1206 D2.9o 3.7 0.126 2601
D3.9b 1.6 0.301 1197 D.9o 3.7 0.127 2565
E1.9b 4.9 0.315 1284 E1.9o 5.3 0.217 2995
E2.9b 0.7 0.307 1237 E2.9o 2.6 0.179 3023
E3.9b 2.9 0.290 1365 E3.9o 6.4 0.232 3329
PE13-9 weeks DC15-9weeks
103 
Table F-2. Ammonia, orthophosphate, and sulfate concentrations at weeks 12, 18, and 30 
 
 
 
Table F-3. Nitrate concentration in random aerobic bottles after 30 weeks. 
  
ID NH3 P SO4 ID NH3 P SO4
A1.14 0.0 0.770 438 A1.14 0.0 0.000 0
A2.14 0.0 0.826 410 A2.14 0.0 0.000 0
A3.14 0.0 1.010 458 A3.14 0.0 0.000 0
B1.14 12.3 1.342 506 B1.14 0.0 0.000 0
B2.14 12.7 0.579 510 B2.14 0.0 0.000 0
B3.14 12.6 0.888 501 B3.14 0.0 0.000 0
C1.14 6.5 0.032 935 C1.14 0.1 0.088 430
C2.14 8.9 0.039 972 C2.14 0.1 0.055 372
C3.14 10.5 0.053 1062 C3.14 0.2 0.032 745
D1.14 9.4 0.073 1079 D1.14 0.1 -0.001 663
D2.14 8.0 0.097 1103 D2.14 0.1 0.025 835
D3.14 7.4 0.149 1106 D3.14 0.3 0.021 1016
E1.14 0.1 0.247 1019 E1.14 0.1 0.016 1265
E2.14 0.6 0.198 1083 E2.14 0.1 0.016 1340
E3.14 2.2 0.255 1035 E3.14 0.1 0.028 1294
PE13-12 weeks DC15-12 weeks
ID NH3 P SO4 ID NH3 P SO4
A1.18b 0.1 4.589 254 A1.18o 0.0 17.610 161
A2.18b -0.3 3.107 454 A2.18o 0.0 12.052 148
A3.18b 0.0 4.060 249 A3.18o 0.0 9.882 144
B1.18b 4.4 6.494 339 B1.18o 0.0 35.873 -13
B2.18b 2.2 5.648 551 B2.18o 0.0 46.004 -5
B3.18b 4.6 3.954 319 B3.18o 0.0 55.827 -13
C1.18b 2.1 1.444 878 C1.18o 0.6 3.211 617
C2.18b 2.0 1.565 852 C2.18o 0.2 2.746 455
C3.18b 1.3 1.470 786 C3.18o 0.2 0.300 547
D1.18b 1.1 0.999 802 D1.18o 0.1 0.125 749
D2.18b 0.2 1.226 791 D2.18o 0.1 0.252 902
D3.18b 0.5 1.163 765 D3.18o 0.6 0.581 979
E1.18b 0.8 0.581 640 E1.18o 0.7 0.411 1233
E2.18b 0.2 1.576 756 E2.18o 0.1 0.851 1001
E3.18b 0.2 1.629 823 E3.18o 0.2 0.295 1085
PE13-18 weeks DC15-18 weeks
Nitrate Abs. Conc. (mg/L) Nitrate Abs. Conc. (mg/L)
PE-10 mg O2 0.252 2.03 DC-20 mg O2 0.478 3.52
PE-17.5 mg O2 1.004 6.97 DC-35 mg O2 0.603 4.34
PE-25 mg O2 1.032 7.16 DC-50 mg O2 0.432 3.21
ave, stdev 5.39 2.91 ave, stdev 3.69 0.58
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